
 Nanoscale
rsc.li/nanoscale

ISSN 2040-3372

 PAPER 
 Renato G. Freitas, Leonardo M. Da Silva, Hudson Zanin  et al.  
 Charge-storage mechanism of highly defective NiO 
nanostructures on carbon nanofi bers in electrochemical 
supercapacitors 

Volume 13
Number 21
7 June 2021
Pages 9449-9892



Nanoscale

PAPER

Cite this: Nanoscale, 2021, 13, 9590

Received 5th January 2021,
Accepted 1st March 2021

DOI: 10.1039/d1nr00065a

rsc.li/nanoscale

Charge-storage mechanism of highly defective
NiO nanostructures on carbon nanofibers in
electrochemical supercapacitors†

Willian G. Nunes, a Andre N. Miranda, b Bruno Freitas, a Rafael Vicentini, a

Aline C. Oliveira,c Gustavo Doubek, b Renato G. Freitas,*c
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An electrode composed of highly defective nickel oxide (NiO) nanostructures supported on carbon

nanofibers (CNFs) and immersed in an Li+-based aqueous electrolyte is studied using Raman spec-

troscopy under dynamic polarization conditions to address the charge-storage phenomenon. By this

operando technique, the formation of Li2SO4·H2O during the discharge process is verified. At the same

time, we observed the phase transformation of NiO to NiOOH. The Ni(OH)2/NiOOH redox couple is

responsible for the pseudocapacitive behavior with intercalation of cationic species in the different Ni

structures. A ‘substitutive solid-state redox reaction’ is proposed to represent the amphoteric nature of

the oxide, resulting in proton intercalation, while the insertion of Li+ occurs to a less extent. The electrode

material exhibits outstanding stability with 98% coulombic efficiency after 10 000 charge–discharge

cycles. The excellent electrode properties can be ascribed to a synergism between CNFs and NiO, where

the carbon nanostructures ensured rapid electron transport from the hydrated nickel nanoparticles. The

NiO@CNF composite material is a promising candidate for future applications in aqueous-based super-

capacitors. DFT simulation elucidates that compressive stress and Ni-site displacement lead to a decrease

up-to 3.5-fold on the electron density map located onto the Ni-atom, which promotes NiO/Ni(OH)2/

NiOOH transition.

1. Introduction

Modern batteries show a high specific energy (A h g−1), while
supercapacitors (SCs) are mainly characterized by their high
specific power (W kg−1). Therefore, these devices complement
each other in several different applications, i.e., the
cooperation between supercapacitors and batteries results in

the desired power and energy demanded in practical
applications.1–5 Electric double-layer capacitors (EDLCs) are
devices characterized by the presence of an interface separ-
ating the electronic and ionic charges in the solid and liquid
phases, respectively. Thus, the high specific capacitances of
EDLCs are due to electrode materials with a high specific
surface area (e.g., activated carbons) and the quick charge
accumulation in the electrical double-layer (EDL) structure
(e.g., ≈1–2 nm). In contrast, in the case of pseudocapacitors
(PSCs), the charge-storage mechanism at the interface involves
the additional contribution of solid-state faradaic reactions
(SSFRs) characterized by electron transfer at the electrode/elec-
trolyte interface. Intrinsic conducting polymers and transition
metal oxides (TMOs) are the classic ‘redox-active’ electrode
materials used in PSCs.6–8

An excellent strategy to boost the characteristics of SCs is
the use of composite electrode materials to improve the elec-
trochemically active surface area and the areal pseudocapaci-
tance (F cm−2). In this scenario, good results can be obtained
using, for example, two different materials, where one provides
a highly porous electrode structure containing a high surface
area accessible to the ionic species from the electrolyte and,
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the other feature to enhance the pseudocapacitance.9–13 It is
worth mentioning that several papers in the literature reports
involving composite electrodes containing TMOs are entirely
speculative. Several studies reported unrealistic values for the
specific capacitance, energy, and power due to the inadequate
treatment of battery-like electrode systems, as they were real
supercapacitors. Therefore, a premise regarding the develop-
ment of SCs is to maintain the well-established electro-
chemical properties expected from well-behaved devices (e.g.,
high capacitance, high power density, high energy density and
long lifespan).

As can be seen elsewhere,14–18 impressive composite
materials for well-behaved SCs can be synthesized using
different porous carbons and some TMOs (e.g., RuO2, NiO,
Co3O4, NiCo2O4, and MnO2). In the case of hybrid super-
capacitors (HSCs), a carbon-based material is applied as the
cathode i.e. EDLC type electrode and a redox-active material is
applied as the anode (pseudocapacitor (PSC) like electrode for
boosting specific capacitance and energy).

From the above considerations, the use of electrodes com-
posed of nickel oxide/hydroxide as the redox-active material is
inspiring for developing PSCs and HSCs. The redox couple
involving nickel (Ni(OH)2/NiOOH: Ni2+ ↔ Ni3+ + e−) is exten-
sively used in alkaline batteries. Commonly, their electro-
chemical properties depend on the structure and electronic
characteristics, which are affected by the synthesis processes.19

The NiO particles in the near-surface regions spontaneously
transform into the α-Ni(OH)2 hydrous form in alkaline
solutions.20

A significant challenge involving NiO-based PSCs is con-
cerned with elucidating the fundamental processes occurring
at the electrode/electrolyte interface during the charge-storage
process involving surface charge accumulation in a strong elec-
tric field (≈10−9 V m−1) with the occurrence of intercalation/
deintercalation of some species from the electrolyte in the
porous electrode structure. The situation is further compli-
cated for TMOs, where the basic or amphoteric oxide pro-
perties cause a strong interaction with water leading to
different hydroxylation degrees. In the case of the NiO elec-
trode in Li2SO4 aqueous electrolytes, three possible processes
may occur at the electrode/electrolyte interface: (i) adsorption/
desorption of ions, (ii) electrochemical activity of the Ni(OH)2/
NiOOH redox couple, and (iii) Li+ intercalation/deintercalation
processes. As a result, the overall charge-storage mechanism is
rather complicated. In this scenario, operando Raman analysis
can help obtain in-depth knowledge about the charge-storage
fundamental processes occurring in NiO-based PSCs.

Laboratory strategies, which combine several different elec-
trode materials and electrolytes, have been adopted by several
researchers to improve the overall charge-storage capabilities
in SCs. In addition to alkaline electrolytes, neutral aqueous
solutions have also been used in batteries and supercapacitors
with excellent advantages (e.g., corrosion inhibition, greater
safety, and wide working voltage window).21 In this sense, the
improvement of environmentally friendly aqueous-based elec-
trolytes to obtain a wider working voltage window (WVW) and

the long-term charge–discharge cyclability comprises a critical
issue from the technological viewpoint. Good candidates as
quasi neutral electrolytes for different SCs are aqueous solu-
tions composed of lithium sulfate (Li2SO4). The conductivity
and viscosity of the Li2SO4 solutions do not differ remarkably
from the other aqueous-based electrolytes used in SCs,22 i.e.,
these solutions are very beneficial for the rapid ionic transport
in the hierarchically interconnected porous structures present
in AC-based electrodes. As a result, high specific capacitance
values, power, energy, cyclability, and low equivalent series re-
sistance (ESR) can be achieved.21,22

There is some evidence that the Li2SO4 aqueous electrolytes
facilitate near-surface SSFRs in TMOs, resulting in excellent
pseudocapacitive characteristics. Some authors also proposed
the occurrence of surface-to-bulk intercalation/deintercalation
processes in TMOs using aqueous electrolytes.23 To quote,
Misnon et al.24 and Yuan et al.25 suggested that the Li+, Na+,
and K+ species can undergo intercalation/deintercalation
during the charge–discharge processes occurring in the
hydrated MnO2 structure. Similarly, Inamdar et al.26 proposed
the intercalation/deintercalation of Na+ and K+ ions in NiO. In
common, these authors claimed that the reduced unsolvated
ion sizes of those alkali metal ions increase the specific capaci-
tance and energy in SCs. Xu et al.27 proposed the intercalation
of some monovalent (e.g., Li+, Na+, and K+) and bivalent (e.g.,
Mg2+, Ca2+, and Ba2+) cations into MnO2 structures. The
importance of the bivalent ions to the monovalent electrolyte
species for the charge-balance during the SSFRs involving the
different manganese oxidation states was emphasized (e.g.,
Mn3+ → Mn4+ + e−).21,27

To further investigate the role of Li2SO4 aqueous electro-
lytes in NiO near-surface SSFRs, we perform a Raman operando
study supported by in situ electrochemistry experiments.
Contextualizing, the Raman spectrum of nonstoichiometric
NiO shows several bands located at wavenumbers above
410 cm−1.28,29 The prominent band centered at ∼498 cm−1 is
commonly assigned to a lack of symmetry due to high nickel
vacancies affecting the one-phonon vibration of the TO (trans-
versal) and LO (longitudinal) optical modes.29 Visually, single
crystal and stoichiometric NiO is green while its nonstoichio-
metric counterpart is black. The redox state of Ni in the
hydroxide (e.g., Ni(OH)2) can be identified in the Raman spec-
trum as two bands around 465 and 545 cm−1, assigned to the
Eg and A1g phonon modes, respectively. Some Raman bands
are more pronounced in the in situ surface-enhanced Raman
spectra (SERS). However, in this case, we may have the inconve-
nient interference of ultra-sensitive electrochemical
processes.19,30–32 The Raman spectrum obtained for the mixed
lithium-nickel oxides (e.g., LixNi1−xO2) has similar character-
istics of the NiOOH spectrum with two significant bands due
to the R3̄m space group.33,34 Julien and Massot33 and Flores
et al.34 observed similar results that supported that the dein-
tercalation of Li+-ion may affect the band intensity at
∼545 cm−1 and predicted a Raman effect at 572 cm−1. In this
sense, with unmodified electrodes, one can verify the redox
states and also the possible intercalation of Li+-ion in the Ni
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structures formed in the aqueous medium (e.g., NiO/Ni(OH)2/
NiOOH).

During the synthesis of TMOs, nonstoichiometric crystal-
line structures and electrochemical cycling (charging–dischar-
ging) processes can lead to cation disorder along the crystal-
line lattices.35 From a theoretical point of view, the effect of
cation disorder on a crystalline structure can significantly
affect the average Li+-ion intercalation average voltage and
alter the voltammetric profile. Ceder et al.,36 using density
functional theory (DFT), observed that cation disorder could
increase or reduce the average Li+-ion intercalation voltage of
lithium transition-metal oxides depending on the transition
metal species. The authors observed that redox transitions in
nickel oxides were high, suggesting that it is likely to be pre-
ceded by oxygen activity in disordered compounds. Ji et al.37

studied the Li-ion intercalation into bilayer graphene using
DFT to describe the fundamental aspects of the energy-storage
process in the presence of structural defects. According to
these authors,37 lithium atoms can be inserted only in the gra-
phene interlayer, thus proposing the first planar lithium-inter-
calation model for graphene-like carbons. In brief, the Li+-ion
entering the graphene interlayer by diffusion and migration
(polarization conditions) can undergo a redox reaction (e.g.,
Li+ + e− → Li) in those reaction sites with the most balanced
electronic cloud density.

Moreover, the importance of the balanced electronic cloud
density was studied by Freitas et al.,38 probing the O-site dis-
placement, i.e., the induced lattice-defects in the TiO2 nano-
structure. The authors observed that the O-displacement
decreases the band gap values by about 1.12-fold, increasing
the water-splitting reaction and modifying the charge density
maps. Therefore, electronic structure calculation is an essen-
tial tool in order to study the role of structural disorders along
with energy storage materials.

In this work, we used time-resolved Raman analyses of elec-
trode/electrolyte interface under dynamic polarization con-
ditions to obtain information of the charge-storage process in
the NiO@CNF structures in the absence of the surface
enhancement effects, which is indicative of the presence of
substantial Raman scattering cross sections for metal oxides
and carbon materials. To the best of our knowledge, this is the
first study devoted to elucidating the correlation between the
charge-storage phenomenon and the operando Raman scatter-
ing for nickel oxide nanoparticles anchored on carbon nano-
fibers as a composite material for applications in aqueous-
based supercapacitors. Electronic structure calculation evi-
denced lattice strain and tuning along the electron density
map located onto the Ni-atom along the crystalline structure.

2. Experimental
2.1. Synthesis and characterization of the composite
electrode material

Carbon nanofibers (CNFs) were grown onto the microfibers of
a carbon cloth substrate from Hexcel Co. used as the current

collector. First, the carbon cloth was previously cleaned in an
HNO3 63% (v/v) solution for 1.0 h to remove the fabrication
residues. After drying at 110 °C for 12 h, the carbon cloth was
immersed in a 10 g L−1 (NO3)2·6H2O (Acros, 98%) alcoholic
solution containing 50% (v/v) of water and ethanol for impreg-
nating the metallic species, used in this step as the catalyst,
and subsequently dried for 12 h at 110 °C. The carbon cloth
substrate was then calcined at 350 °C using a solvothermal
treatment for 1.0 h. An Jung LT93010 model CVD reactor was
used to synthesize the CNF structures on the carbon sub-
strate’s microfibers. In this sense, the carbon cloth was purged
with argon gas using 100 cm3 min−1 volumetric flow rate for
10 min to remove the oxygen gas present. The reactor was then
filled with an argon/10% H2 gas mixture using a volumetric
flow rate of 200 cm3 min−1. During this procedure, the reactor
temperature was gradually increased up to 700 °C. Afterward,
ethane gas, used as the carbon source, was applied using a
volumetric flow rate of 50 cm3 min−1 for 30 min to grow the
CNF onto the carbon cloth’s microfibers. A cooling step was
accomplished using an argon flow at room temperature. The
as-prepared carbon samples were cut into 10 mm diameter
discs and decorated with NiO nanostructures using the incipi-
ent wetness impregnation method,39 i.e., the CNF discs were
soaked in a 0.1 mol L−1 Ni(NO3)2 alcoholic solution for 48 h
and the impregnated carbon samples were washed and dried
in an evacuated oven at 80 °C for 1.0 h. Finally, the impreg-
nated carbon cloth discs were annealed at 350 °C for 2.0 h in
an ambient atmosphere to obtain the NiO@CNF composite
nanostructures.

The surface and structural properties of the as-prepared
composite were characterized using different ex situ tech-
niques. SEM micrographs were taken using an Inspect
F50 microscope from FEI (5 to 30 kV and collected with
ETD), while the TEM analyses were performed using a
model 2100 MSC microscope from JEOL. In the latter case, the
composite samples were dispersed in isopropanol using an
ultrasonic bath and dropped on a TEM lacey carbon film sup-
ported on a copper mesh. TEM data were analyzed by Gatan &
Image J software40 to measure the particle size and its
distribution.

The crystalline structure was characterized by X-ray diffrac-
tion performed with a model X’Pert PRO X-ray diffractometer
from PANalytical using Co-Kα radiation (λ = 1.7890 Å) in a
Bragg–Brentano θ/2θ configuration (Goniometer PW3050/65)
for ex situ characterization. The diffraction patterns were col-
lected with steps of 0.04° using an accumulation time of 5 s
per step for the entire 2θ-scale range of 20° to 80°.

Raman sample spectra were recorded using a Renishaw
inVia spectrometer using 633 nm laser wavelength, with an
integration time of 60 s, 1.0 accumulation, and a 50× LWD
objective lens for the 100 to 1800 cm−1 range. Spectral analyses
were accomplished by proper baseline subtraction while the
curve fitting was obtained using Lorentzian and Gaussian
functions with software Fityk41 in the region from 300 to
1750 cm−1. The operando Raman measurements were carried
out using a model ECC-Opto-Std electrochemical test cell from
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EL-CELL through a glass window, as showed in the schematic
representation in Fig. S2.†

2.2. Electrochemical characterization studies

Different symmetric coin cells, using identical cathodes and
anodes, were assembled using two identical CNF (for the sake
of contrast) or NiO@CNF electrodes. Filter paper mesoporous
cellulosic membranes (containing a small central hole for
ECC-Opto-Std electrochemical test) were used as the separator
soaked in 80 µL of a 1.0 mol L−1 Li2SO4 aqueous solution. The
electrodes were assembled face-to-face and close enough to
propitiate an almost uniform distribution of the electric field.
All electrochemical tests were performed at 25 °C using a
model VersaSTAT 4 potentiostat–galvanostat from Ametek.

Cyclic voltammetry (CV) experiments were accomplished
with 0.1 to 50 mV s−1 scan rate on a maximum cell voltage of
1.8 V. Galvanostatic charge–discharge (GCD) curves were
recorded by applying currents in the 0.1 to 50 mA range using
a voltage window of 1.0 V. The correct working voltage window
(WVW) in the total absence of the water-splitting reaction was
defined using the protocol based on the single-step chronoam-
perometry (SSC) technique reported elsewhere.42 The galvano-
static cyclability test was composed of 10 000 cycles. For each
electrode, the mass considered in the normalization of the
electrochemical findings was 6.4 mg and 6.7 mg for the CNF
and NiO@CNF materials, respectively. By using a model MYA
11.4Y microbalance from Radwag, we measured for each
sample a NiO mass of 0.15 ± 0.03 mg.

The voltammetric capacitance was defined according to
eqn (1):

q ¼ 1
ν

ðVf
Vi

I � dV ; ð1Þ

where the limits of integration are the initial and final cell
potential during the scan process on the voltammogram and
the parameter ν is the cell potential scan rate.

The calculation of the specific integral capacitance (Cesp(cv))
is defined from the voltammetric charge (q) using eqn (2):

CespðcvÞ ¼ q
mΔV

; ð2Þ

where m is the sum of the mass of the two active electrode
materials (e.g., cathode and anode) and ΔV = (Vf − Vi) is the
work cell potential window.

The calculation of the differential capacitance can also be
obtained through the GCD curves of the discharge to deter-
mine the specific differential capacitance (C(gcd)) using eqn (3):

CespðgcdÞ ¼ I

m
dV
dt

� � ; ð3Þ

where I is the cathodic current and dV/dt is the decreasing
slope of the discharge curve.

For the equivalent series resistance (ESR) calculation, the
ΔV defined previously was divided by the current applied
during the charge–discharge process and by factor 2 as

defined in previously published studies.43 Therefore, we have
the following equation:

RESR ¼ ΔV
2 Icellj j : ð4Þ

2.3. Computational details

All spin-polarized electronic structure calculations were carried
out using a DFT+U approach with the Hubbard U correction
(SGGA+U).44,45 In the present calculations, the strong on-site
Coulomb repulsion parameter U and the screened exchange
interaction parameter J were used to describe the localized Ni-
3d electrons of NiO. We used the value of Ueff = U − J = 5.3 eV,
which is consistent with the previously reported DFT+U
calculations.45–48

All calculations were performed using density functional
theory (DFT)49,50 within the plane wave-pseudopotential frame-
work, as implemented in the quantum-ESPRESSO51 package
within the spin-polarized generalized gradient approximation
(SGGA). Electronic interactions were described by the Perdew–
Burke–Ernzerhof (PBE) exchange–correlation functional52 with
the Vanderbilt ultrasoft pseudopotential. The latter include
explicitly calculating the electrons from Ni 3s, 3p, 3d and 4s,
and O 2s, 2p shells. We performed the optimization conver-
gence test of the system, and the plane-wave basis set cutoff
for the smooth part of the wave functions was 100 Ry and 8 × 8
× 8 k-points for NiO mesh sampling based on the Monkhorst–
Pack53 scheme, which are sufficient to provide satisfactory
accuracy of the DFT calculations. The (a, b, c) lattice para-
meters and the (x, y, z) internal coordinates were fully opti-
mized, and any significant difference was compared to atomic
positions obtained from the refinement procedure. Based on
NiO’s crystallographic information file (CIF ICSD 9866), the
equation of state, strain, and total electron density maps were
calculated.

3. Results and discussion
3.1. Material and electrode characterization studies

To better understand the morphological and structural pro-
perties of CNF and NiO@CNF nanostructures, SEM & TEM
micrographs, XRD pattern, and Raman spectrum results are
shown in Fig. 1.

It is possible to observe in Fig. 1a the hierarchical porous
structure of the CNFs. TEM data in Fig. 1b revealed for CNFs a
diameter range from 20 to 90 nm with a lattice spacing of 3.2 ±
0.1 Å. NiO nanoparticles exhibited a quasi-spherical shape
with diameters ranging from 1.0 to 5.0 nm and a lattice
spacing of 2.08 ± 0.05 Å. Using the same synthesis procedure,
our research group has recently verified11 similar diameter
values of 90 and 5.0 nm for CNFs and NiO structures, respect-
ively. This comparison evidences the reproducibility of the pro-
posed synthesis procedure.

The crystallinity and crystal phases of the CNF and
NiO@CNF nanostructures were further investigated, as pre-
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sented in Fig. 1c. XRD patterns showed the NiO prominent
peaks at 43.76°, 50.94°, and 74.96° in the 2θ-scale, which
correspond to (1 1 1), (2 0 0), and (2 2 0) hkl-planes, respect-
ively. According to the JCPDS card (PDF# 00-001-1239), these
findings confirmed that NiO is a cubic crystal system of spatial
group FM3̄m. Crystallographic analysis of NiO nanostructures
presented a lattice parameter of a = 4.1470(6) Å, lattice strain
of 0.231%, and lattice spacing d200 = 2.0761(2) Å. The following
statistics were verified for this analysis: σ = 0.00016, res(d ) =
0.00323, tStudent = 4.32, and SD = 0.0456. As can be observed in
Fig. 1b, an agreement for lattice spacing was noticed using the
present data of HRTEM (2.08 Å), XRD (2.07 Å), and with the lit-
erature54 whose value of 2.4 Å was related to the (2 0 0) hkl-
plane. Wu et al.54 observed a 2.4 Å value for lattice spacing
using HRTEM for the NiO nanosheet assembles prepared
using the hydrothermal method. Moreover, it was possible to
obtain the (1 1 1)/(2 0 0) ratio values of 5.13 and 1.63 by com-
paring the relative intensity between the (1 1 1) and (2 0 0) hkl-
planes obtained from the literature (e.g., ICSD CIF # 9866) with
those referring to NiO@CNFs. This preferred orientation can
lead to tuning and structural properties, i.e., texture, an-
isotropy, and lattice strain.55 The NiO@CNF lattice strain of
0.231% agreed with the literature referring to different syn-
thesis method,56–58 i.e., similar values of the lattice strain for
NiO nanoparticles were reported (e.g., 0.23%,56 0.20%,57 and
0.17%58). Awad et al.56 studied the dielectric properties of NiO
and NiO (doped-Y and Gd) nanoparticles and also verified that

the charge-transfer resistance and activation energy decreased
(Ni0.98Gd0.02O < Ni0.98Y0.02O < NiO) as a function of lattice
strain (0.11% < 0.12% < 0.23%).

In this sense, the investigation of the lattice parameter of
NiO@CNFs is fundamental from the theoretical and techno-
logical viewpoints. The lattice parameter reported in the litera-
ture (ICSD CIF # 9866) was a = 4.178(1) Å, while that verified in
this work (NiO@CNFs) is a = 4.1470(6) Å. Other studies
reported values of a = 4.178(0) 56 and a = 4.206(0) 58 for NiO
nanostructures, which are also higher than a = 4.178(1) Å.
Based on that, it is possible to recognize compressive stress for
NiO@CNF nanoparticles reported in the current work. Finally,
the broad peak corresponding to the carbon phase was
observed around 30°, according to the PDF# 01-089-8487 file.
Also, it is important to emphasize that the reflection plane
located at 30.85° related to CNF alone was shifted to a new
position of 28.82° in the presence of NiO (e.g., NiO@CNF)
(please see Fig. S3†). These findings evidenced an increase in
the lattice parameter with a lattice strain in the carbon struc-
tures in the presence of NiO nanoparticles.

The Raman spectrum of NiO@CNFs shown in Fig. 1d was
deconvoluted into three prominent bands and five shoulders/
adjacent bands. The prominent band centered at ∼498 cm−1,
and the two adjacent bands at ∼370 cm−1 and ∼740 cm−1 were
assigned to the 1LO mode. The 498 cm−1 band is assigned to a
lack of symmetry caused by defects, including the high con-
centration of nickel vacancy. These findings corroborate the

Fig. 1 Material characterization: (a) SEM and (b) TEM micrographs, (c) XRD pattern, and (d) Raman spectrum from the NiO@CNF composite
material.
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lattice strain observed in the XRD study. It is known that the
first-order Raman scattering of 1TO and 1LO is generally
absent for the face-centered cubic NiO structure with perfect
stoichiometry.59,60 Therefore, our Raman spectra study indi-
cates structural disorders with the presence of the nickel
vacancies61,62 in the as-grown NiO@CNF composite.

The band assigned to the lack of symmetry (498 cm−1) is
not present in the NiO single crystal.63 The 370 cm−1 band is
attributed to TO and 740 cm−1 is the harmonic of 2TO
modes.11,29,63–65 From this analysis, it is possible to conclude
that nickel oxide nanoparticles are highly defective according
to the intensity of the 498 cm−1 band.46 Tripathi et al.58 also
studied the role of oxygen vacancy and lattice defects on NiO
nanostructures using Raman spectroscopy. These authors also
observed bands in similar wavenumber positions, as discussed
above. However, a new band was found in the NiO sample
near (1400 cm−1) to the magnon mode (2 M). This latter signal
generally comes from the antiferromagnetic interactions
between Ni ions such as Ni2+–O2−–Ni2+. This band was not evi-
denced in the present data due to the strong intensity band
related to the D-mode (1359 cm−1) in CNFs (please see further
discussion). Han et al.66 studied the interaction and ordering
of the Ni vacancy (VNi) defects in NiO using DFT+U theoretical
methods. According to these authors,66 NiO is deficient in
cations for a typical growth condition, which explains its
p-type conducting behavior. In addition, it was verified that
the observed vacancies (VNi) might be replaced by other
foreigner atoms (e.g., Fe or Li).66 This behavior can be related
to the Raman shifts observed and further discussed in the
operando Raman section of this work.

To study the Ni vacancy, some authors66 used a face-cen-
tered-cubic supercell in the absence of one Ni atom. It was ver-
ified in the relax computation analysis that nearby oxygen
atoms around the defect site relax outward by 0.17 Å. These
findings can be explained based on the electrostatic inter-
action between the defect site and nearby atoms, i.e., with the
loosely bound holes since the net charge of VNi is negative,
which is identical to those of oxygen species (O2−–VNi–O

2−).
Therefore, oxygen atoms are repelled from the defect site,
accounting for the observed relaxation pattern.

From the data in Fig. 1d, it is also possible to evidence the
G and D prominent bands related to the G (1598 cm−1) and D
(1359 cm−1) modes, respectively, of CNFs and other less pro-
nounced signals (e.g., D# (∼1248 cm−1) and D* (∼1509 cm−1))
ascribed to a degenerate vibrational mode of iLO and iTO
phonon branches crossing the Γ point in the graphite-like
material at the first Brillouin zone.23,24 The G-band corres-
ponds to the high-frequency E2g phonon at the Γ point, and
D-bands originate from the breathing modes of six-atom rings,
associated with the LO phonon at the K point of the Brillouin
zone. Since this band originated from a phonon mode at the
edge of the Brillouin zone, a defect is required in the scatter-
ing process for the momentum conservation. Thus, the graph-
ite-like materials’ D-band is activated by the structural disorder
commonly located at the edge regions.22,25 As discussed pre-
viously, it is worth mentioning that the diffraction (reflection)

related to CNFs verified at 2θ = 30.85° decreases to 2θ = 28.82°
for the NiO@CNF composite, suggesting an increase in the
lattice parameter with a lattice strain for CNFs in the presence
of the NiO nanoparticles. Comins et al.67 also studied carbon-
based materials and observed micro-Raman and XRD stress in
polycrystalline diamond discs. According to these authors,67

the Raman technique showed a progressive shift of the
residual stress state from a compressive one to an average
tensile stress state as a cycling number function. In this sense,
D-bands appeared when the lattice vibrational (e.g., Raman-
inactive process) hits a defect, causing the breaking of sym-
metry and affecting the selection rule (q = 0) required for the
first-order Raman bands. Finally, as seen in Fig. S3,† defects
in CNFs were not only caused by the NiO synthesis, but they
are also presented in the as-prepared CNF materials.

High-surface area carbon-based electrode materials usually
are chemically stable in different electrolytes, exhibiting high
electrical and ionic conductivities and excellent charge-trans-
fer properties. These features make these materials exciting
candidates for EDLCs and PCs.68 By adding NiO nanoparticles
onto CNFs, it is possible to increase considerably the energy
stored due to the vital contribution of the reversible solid-state
faradaic reactions (e.g., pseudocapacitive effects). Therefore,
after a careful evaluation of the electrode materials, NiO@CNF
electrodes were subjected to dynamic polarization conditions
during the operando Raman studies. Fig. 2 presents the electro-
chemical properties of CNF and NiO@CNF nanostructured
electrode materials in SCs.

The analysis of cyclic voltammogram data in Fig. 2a, con-
trasting the different specific capacitances obtained for the (i)
CNF and (ii) NiO@CNF electrode materials assembled in the
symmetric configuration, revealed a ∼7-fold improvement (e.g.,
∼6.7 to ∼47.2 F g−1 per electrode calculated using eqn (1) and
(2)) in the charge-storage capability of the coin-cell after the
decoration process using the NiO nanoparticles. In addition,
the composite electrode material exhibited the almost rec-
tangular “mirror-like” voltammetric profile expected for well-
behaved SCs. In contrast, the analysis of Fig. 2b revealed a
battery-like voltammetric behavior at very low scan rates for the
symmetric coin-cell having only the NiO electrodes, i.e., the
desired supercapacitor characteristics practically disappear.11

In any case, is it worth mentioning that the well-known
battery-like properties exhibited by pure NiO electrodes in
aqueous solutions can be verified even at medium and high
scan rates. In contrast, one has the case of the NiO electrode
immersed in aprotic (organic) electrolytes, where the cyclic vol-
tammograms must be recorded at very low scan rates (≤1 mV
s−1) to verify the narrow (“needle-like”) redox peaks character-
izing the intercalation/deintercalation of Li+-ion species. Since
the proton intercalation reaction does not occur in the
absence of water, the charge-storage process is exclusively due
to a prolonged Li+-ion intercalation process controlled by mass
transport inside the host material (D ≈ 10−8 to 10−11 cm2 s−1).

NiO nanoparticles in aqueous media spontaneously trans-
form into Ni(OH)2. This hydrated form is amorphous, forming
a nonstoichiometric intermediate compound.19 As verified in

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2021 Nanoscale, 2021, 13, 9590–9605 | 9595

Pu
bl

is
he

d 
on

 0
1 

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
6.

10
.2

02
5 

17
:2

2:
50

. 
View Article Online

https://doi.org/10.1039/d1nr00065a


the study using the XRD technique (please see Fig. S3†), the
diffraction pattern related to NiO@CNFs in the dry form is
entirely different from that obtained for the wetted material
(e.g., α-Ni(OH)2).

In neutral solutions, the hydration of NiO and the redox
activity of the Ni-species under anodic polarization conditions
can be represented by the following mechanism adapted from
Bode’s model:69,70

NiOþH2O $ NiðOHÞ2 ðAÞ

α-NiðOHÞ2 ! γ-NiOOHþHþ þ e� ðB1Þ

β-NiðOHÞ2 ! β-NiOOHþHþ þ e� ðB2Þ

α-NiðOHÞ2 ! β-NiðOHÞ2 ðB3Þ

γ-NiOOH ! β-NiOOH: ðB4Þ
The basic or amphoteric chemical nature exhibited by some

transition metal oxides (TMOs) in aqueous solutions is charac-
terized by a negative change in the Gibbs’ free energy during
the hydration process resulting in the formation of an insoluble
acidic substance (please see step (A)). In the other steps of the
mechanism, the different forms (α and β) of the hydrated
nickel oxide can undergo charge-transfer (faradaic) reactions
(steps (B1) and (B2)) or spontaneous structural changes invol-
ving the additional γ-phase (steps (B3) and (B4)).

In Fig. 2b during the anodic sweep a voltammetric peak at
0.69 V can be observed, which, in principle, can be attributed
to the Ni(OH)2/NiOOH redox couple. The corresponding catho-

dic peak is verified at 0.63 V, i.e., we observed a peak separ-
ation potential of 60 mV as predicted for Nernstian redox
processes.

The electrochemical steps (B1) and (B2) represent the
pseudocapacitive or battery-like behaviors where electrons are
transferred at the electrode/solution interface during the
anodic polarization with the concomitant deintercalation of
protons. The occurrence of battery-like or pseudocapacitive
behaviors depends on the synergism between the different
species present in the composite electrode.

Depending on the proton transport behavior in the
porous carbon structure, the Ni-sites’ electron transfer
can occur in the near-surface or surface-to-bulk regions of the
composite electrode material. An example of a fast and revers-
ible near-surface “pseudocapacitive process” consists of a
porous carbon-based scaffold containing finely
dispersed metal–oxide nanoparticles on its surface in intimate
contact with the electrolyte. In this case, the proton deinterca-
lation process is not mass-transport controlled.71,72 As a result,
the cyclic voltammogram profiles are featureless (e.g., almost
rectangular), resembling the electrochemical response of
EDLCs governed by a purely charge-separation (electrostatic)
process.

By contrast, in the case of a surface-to-bulk “battery-like
process”, the electron transfer mainly resides in the inner
regions of the porous composite material where the proton
deintercalation is more challenging to occur since the active
Ni-sites are not in intimate contact with the aqueous electro-
lyte. In this sense, considering the concept of a Nernst’s stag-

Fig. 2 Electrochemical performance of NiO@CNFs as electrodes for symmetric supercapacitors. (a) voltammograms at 50 mV s−1 contrasting (i)
CNF and (ii) NiO@CNF profiles, (b) cyclic voltammograms of NiO as the working electrode in 1.0 M Li2SO4 using 1.0 mV s−1 scan rate. Pt as CE and
Ag/AgClSat as RE, (c) GCD charge/discharge at 5.0 mA after 20, 6000, and 10 000 cycles for the cell with two NiO@CNFs electrodes and (d) GCD
from (i) CFNs and (ii) NiO@CNFs at 5.0 mA for a contrasting coin-cell filled with 80 µL of a 1.0 M Li2SO4 aqueous solution.
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nant layer for the proton transport, the overall surface-to-bulk
faradaic process is characterized by a voltage in the cyclic vol-
tammograms similar to that in batteries.

For convenience, the intercalation/deintercalation of
protons can be represented as follows:

NiðOHÞ2 $ NiOxðOHÞð2�xÞ þ xHþ þ xe�; ðCÞ

where it is assumed that step (B2) described above is dominat-
ing. It is worth mentioning that due to the amphoteric oxide
nature, the issue of whether the species that diffuses through
the Ni(OH)2 structure is H+ and/or OH− ions remains open to
discussion in the literature.73

Although the NiOOH/Ni(OH)2 redox couple’s formation is
mostly reported in the literature,74–76 other reaction steps can
be taken into account involving the water mobility into and
leaving the electrode material. This reaction would lead to
empty spaces (vacancies) that Li+-ion may occupy. For example,
the Li–Ni mixed-oxide (LiNiO2) comprises Li+-ion between the
adjacent NiO slabs or occupying the Ni vacancies.77

Therefore, at least in principle, we can consider a pseudo-
capacitive phenomenon due to the intercalation/deintercala-
tion of Li+-ion in aqueous solutions. However, this type of
pseudocapacitance is commonly verified only in concentrated
LiOH aqueous solution or in anhydrous electrolytes (e.g.,
LiClO4 + PC (propylene carbonate)).78 Even so, Faria et al.79

proposed an ‘exchange reaction’ to describe the proton interca-
lation in aqueous solutions with a small contribution of the
intercalation process involving different monovalent cations.
Therefore, one can consider in the present study the following
‘substitutive solid-state redox’ reaction:

NiðOHÞOxHy þ zLiþ $ NiðOHÞOxLiðy�gÞ þ gHþ þ e� ðDÞ

As a result, we are considering in the current work the
occurrence of a mixed pseudocapacitive process represented
by the pertinent solid-state reactions (eqn (C) and (D)) (please
see further discussion).

The experimental findings regarding the galvanostatic
charge–discharge (GCD) tests for both CNF and NiO@CNF
symmetric coin cells are presented in Fig. 2c and d. The ana-
lysis of these findings revealed the typical “triangular galvano-
static profile” predicted for well-behaved SCs. By contrast, for
battery-like systems, the GCD profile is characterized by a
“voltage plateau”. Unfortunately, in several reports, the battery-
like behavior is incorrectly interpreted to determine the
specific capacitance (F g−1), while the relevant parameter, in
this case, is the specific capacity (A h g−1). This incorrect ana-
lysis of the GCD data commonly results in absurd (illusory)
pseudocapacitances.

Excellent electrode stability keeping at the same time the
well-established capacitive properties was verified for the
NiO@CNF composite where even after 10 000 GCD cycles, the
triangular profile remained unaffected (Fig. 2c). To the best of
our knowledge, these findings are by far more reliable than
those of several literature reports where even for short-term

GCD tests (e.g., ≈1000–5000 cycles), the experimental results
give strong evidence of the electrode instability.80–83

As recently discussed by Nunes et al.,11 when the
specific capacitance values are determined considering
only the redox-active material, we can verify high values of
∼1200 to 3152 F g−1 for NiO electrodes. In contrast, smaller
capacitances (e.g., ≈50–600 F g−1) can be found for practical
devices when the different masses of the cell components are
considered in the calculation. Also, the specific capacitance
obtained for the symmetric electrodes housed in a two-elec-
trode cell is 1

4 of that obtained for the isolated (individual)
electrode.

From the above considerations, the different normalization
conditions used to calculate the specific (gravimetric) quan-
tities referring to the different material components were
specified in the current work to avoid ambiguity. Table 1
shows the figures-of-merit representing the electrochemical
performance of the different materials. The values of the
specific capacitance and the ESR in Table 1 were obtained
using eqn (3) and eqn (4):

As seen, a small “electrostatic capacitance” of 3.1 F g−1 was
verified for the carbon-based (EDLC) scaffold. At the same
time, the composite electrode (NiO@CNFs) exhibited an
“overall capacitance” of 23.1 F g−1. Finally, considering only
the redox-active material (NiO), we identified a very high “pseu-
docapacitance” of 1033 F g−1. Unfortunately, in several litera-
ture reports, the crucial details involving the normalization of
the relevant parameters for SCs are not unambiguously speci-
fied, resulting in speculative statements.

3.2. Raman operando study during dynamic electrode
polarization

The Raman operando spectra for NiO@CNFs nanostructured
during polarization of the working electrode are shown in
Fig. 3.

In Fig. 3a and 3b–d the broad spectral range and selected
regions can be noticed, respectively. Fig. 3b focuses on the
range from 300 to 750 cm−1, where it is possible to notice the
presence of Ni and O bonding. The selected spectral regions
will be discussed separately due to the distinct vibrational
Raman modes (please see Fig. 4–6 and the discussion
thereof).

All spectra ranges were normalized relative to the maximum
peak intensity value of each region. It is possible to observe in
Fig. 4 the operando Raman spectra recorded during dynamic
polarization conditions (charge: 0 V → 1.0 V & discharge: 1.0 V
→ 0 V) accomplished using cyclic voltammetry.

By analyzing Fig. 4 and Fig. S6(a and b),† we have Raman
spectra of the as-prepared electrode and the wetted one. It can
be concluded from the electrode spectral changes that other
Raman bands are necessary for fitting the experimental find-
ings. Fig. S6(a)† shows that by adding water or Li2SO4 aqueous
solution, the SO4

2− species spontaneously accumulate/adsorb
at the electrode/electrolyte interface. Fig. S7–S9† show signifi-
cant findings that permitted us to propose the formation of
Li2SO4·H2O during the discharge step occurring in the catho-
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dic scan. Fig. S7† shows the full spectral Raman interval for
CNFs. Fig. S8 and S9† show the magnification of the
300–800 cm−1 and 950–1200 cm−1 spectral region, respectively.
Deconvolution permitted us to separate the individual spectral
information due to NiO and SO4

2− species.
Table 2 summarizes the Raman information extracted from

Fig. 3b, c, 4a–d and 5. In this case, we also considered the ESI
(Fig. S6–S9†) and the literature reports.19,21,22,30–32,77,84–86,87,88

At 0 V (Fig. 4a), it is possible to observe three prominent bands
that were assigned to the symmetric (449 cm−1) and anti-sym-
metric (615 cm−1) deformation modes incurred by the pres-
ence of SO4

2− in the electrical double-layer structure,85,86,89

and to the NiO lattice mode (498 cm−1).74 Fig. S6† shows the
Raman spectra of the as-prepared NiO@CNF nanostructured
material (Fig. S6i†) and that after hydration (wetted con-
ditions) (Fig. S6ii†). The analysis of Fig. S6i† revealed the
absence of Raman signals at 449 and 615 cm−1 related to
SO4

2−. Finally, the analysis of the Raman band at 498 cm−1

(NiO lattice mode) revealed an intensity decrease due to the

influence of the electrolyte and the formation of Ni(OH)2
species.

We continued to verify sulfate bands at 449 and 615 cm−1

during the charging process. At 1.0 V (Fig. 4b), the prominent
band centered at ∼550 cm−1 was ascribed to NiOOH, i.e., the
O–Ni–O stretching vibration of NiO6 units due to the A1g
vibration mode about the D3d

5 space group77,88 is followed by
the band at 468 cm−1 assigned to Eg symmetry of
NiOOH.19,30–32 The intensity ratio of the NiOOH bands at the
end of the charging process (anodic sweep) was IA1g/IEg ≈ 5.
Besides, we also verified a Raman band related to the bending
in-plane vibrations of carbonate species at 680 cm−1. In prin-
ciple, these findings indicate an upper cell voltage limit
incurred by the faradaic reaction involving the dissolved O2

from the atmosphere and the carbon structures present in the
working electrode to form the CO3

2− anionic species character-
ized by the D3h space group.21,22,87 Also, cell voltages higher
than 1.0 V might induce the evolution of CO2 and CO due to
the oxidation of the carbon-based electrode.21

Table 1 Normalized electrochemical data referring to the overall two-electrode cell and individual electrode materials

Material

Cell capacitance and ESR values Electrode capacitances

Normalized values
[F g−1] and [Ω g]

Non-normalized
[mF] and [Ω] Normalized values [F g−1] Non-normalized [mF]

CNFs 0.8 0.13 5.0 0.02 3.1 20
NiO@CNFs 5.8 0.04 38.8 0.01 23.1 155
NiO 258.3 0.00 — — 1033.3 —

Fig. 3 Raman spectra of the NiO@CNFs electrode under dynamic polarization conditions in 1 M Li2SO4 electrolyte from 0 to 1.0 V and with 633 nm
excitation laser wavelength: plots are separated by ranges: (a) full range spectra were scanned; (b) NiOxHy and SO4

2−; (c) SO4
2− and Li2SO4·H2O, and

(d) CNFs’ Raman shift. All spectra are normalized to the maximum intensity [0, 1] (i.e., the maximum value is 1 and minimum is set as zero) for
alternative visualization from the full range. Both x and y may range from 0 to 2.
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Fig. 4 Raman spectra of the electrode/electrolyte interface under cyclic voltammetry at a scan rate of 0.15 mV s−1 from (a) 0 to (b) 1 V during
charge and from (c) 1 V to (d) 0 V during discharge. Spectra intensities are normalized from 0 to 1 in the 300 to 800 cm−1. Working electrodes were
housed in a symmetrical El Cell filled with 80 µL of a 1 M Li2SO4 aqueous solution.

Fig. 5 Raman spectra of the electrode/electrolyte interface under cyclic voltammetry at scan rate 0.15 mV s−1 from (a) 0 V to (b) 1 V during charge
and from (c) 1 V to (d) 0 V during discharge. Spectra intensities are normalized from 0 to 1 in the 950 to 1200 cm−1. Electrodes were housed in an El
Cell filled with 80 µL of a 1.0 M Li2SO4 aqueous solution.
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3.2.1. Evolution of the Raman spectra and the role of the
ionic electrolyte species. At least in principle, chemical and
structural changes in the electrode material can be detected
using operando Raman spectroscopy. Three prominent Raman
bands at 398, 487, and 642 cm−1 related to the presence of
Li2SO4·H2O

84 species during electrode polarization accom-
plished using cyclic voltammetry were observed. The analysis
of Fig. 4c indicates that the Raman band at 550 cm−1 with a
reduced intensity is related to Li+-ion intercalation while the
bands at 460 cm−1 and 550 cm−1 correspond to the presence
of the NiOOH structure. In particular, the Raman findings in
Fig. 5 indicated that in the anodic sweep, the SO4

2− ions accu-
mulated at the interface. During the cathodic process, these
species moved towards the bulk region. As a result, hydrated
lithium sulfate (Li2SO4·H2O) was formed at the interface under
forced saturation conditions imposed by the applied electric
field.

More specifically, as the working electrode was progressively
polarized in the anodic (positive) direction, the surface excess
(Γ) of SO4

2− is drastically increased. In this sense, to satisfy the
local electroneutrality principle, a considerable amount of sol-
vated Li+-ions were dragged to the anionic clusters’ immediate
vicinity. As verified in the operando Raman study, the band
located at 498 cm−1 is no longer detected. Besides, we also
observed a strong band at 550 cm−1 assigned to the presence
of NiOOH structures.34 Another plausible explanation for the
verified Raman behavior is that Li+-ions might enter the com-
posite material to occupy the Ni vacancies and/or penetrate
the NiO slabs. Generally, this proposal agrees with the substitu-
tive solid-state redox reaction (please see eqn (D)) where the
redox-active material is oxidized, resulting in the intercalation
of Li+ and deintercalation of H+ species.

During the discharge process, an inversion in the band
intensity ratio was verified (e.g., IA1g/IEg ≈ 0.2). The A1g

Fig. 6 Raman spectra of the electrode/electrolyte interface under cyclic voltammetry at scan rate 0.15 mV s−1 from (a) 0 V to (b) 1 V during charge
and from (c) 1 V to (d) 0 V during discharge. Spectra intensities are normalized from 0 to 1 in the 1200 to 1750 cm−1. Electrodes were housed in an El
Cell filled with 80 µL of a 1 M Li2SO4 aqueous solution. Deconvolution considered five bands as described in Fig. 1(d).

Table 2 Bands assignment in the 300 to 1200 cm−1 wavenumber range of the Raman spectra. The corresponding vibrational modes are described
in the text

Assignment
0 V (charge) 1.0 V (charge) 1.0 V (discharge) 0 V (discharge)
Band position (cm−1)

NiO 498 — — 497
NiOOH — 468; 550 465; 545 —
SO4

2− 449; 616 446; 615; 980.7;986; 1096;1147 986 460; 982
Li2SO4·H2O — 398; 487; 643; 391; 487; 638; 1008; 1104; 1149; 1189 400; 635; 1008; 1104; 1149; 1189
CO3

2− — 680 — —
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vibrational mode was more pronounced in the cathodic scan,
while the bands at ∼398, 487, and 637 cm−1 indicated the pres-
ence of Li2SO4·H2O. During the reversal voltage scan in the
cathodic (negative) direction, the Li2SO4·H2O species pre-
viously accumulated at the interface are progressively dissolved
due to contact with bulk water (e.g., [H2O] ≈ 55 mol L−1) enter-
ing the stagnant Nernst’s layer in the opposite direction, i.e.,
in this case, the dissolution process is thermodynamically
favored due to entropic factors. Simultaneously, the redox-
active sites undergo a reduction (e.g., Ni(OH)OxLi(y−g) + gH+ +
e− ↔ Ni(OH)OxHy + zLi+) where the Li+-ions are deintercalated
while the intercalation of H+ species also proceeds. Generally,
the operando Raman findings shown in Fig. 5, 6 and Fig. S5–
S8† support the above theoretical proposals. Additionally,
Fig. 6 shows that the accumulation of ionic species at the inter-
face promoted blue shifts (e.g., Δω ≈ 3.0–4.0 cm−1) regarding
the D and G bands referring to graphite-like structures.12,30,90

Table 3 shows the D and G band positions. We attributed
these Raman shifts to changes in the local electrical field,
which affects the phonon vibrations of the c-lattice.

In summary, the operando Raman study accomplished
under dynamic polarization conditions in electrochemical
cells gives relevant information regarding the chemical and
structural changes of the different species present at the elec-
trode/solution interface.

3.3. DFT analysis: structural and electronic properties of the
composite material

As discussed previously, the operando Raman study evidenced
defects related to the Ni-sites along the lattice of the NiO
phase obtained in NiO@CNF nanostructures, i.e., the Raman
band was assigned to the lack of symmetry, as a result of the
lattice strain observed in the XRD analysis. Also, it was
observed that such lattice-strain is a compressive-type. We
accomplished a DFT study in order to model the equation of
state (EOS) and compare it to the experimental data from this
experimental information.

Crystallographic analysis of NiO@CNF nanostructures pre-
sented lattice parameter a = 4.1470(6) Å and a lattice strain of
0.231%. As previously mentioned, this lattice strain observed
was a compressive-type. However, lattice strain can be observed
as tensile and compressive. In this sense, it is possible to
induce lattice parameter modification from full relax geometry
towards compressive and tensile strains. It results in a para-

bola-like profile (energy vs. lattice parameter), fitted using
proper functions well-described as the EoS. The equation of
state is more attractive if parameters for specific materials are
made available from properties determined at or near ambient
conditions. In this sense, the equation of state can be an
energy–volume relationship describing a solid’s behavior
under compression or expansion. The simplest isothermal
EOS for a solid is the bulk modulus, which is a measure of the
material’s ability to resist changes in volume under uniform
compression or expansion. The equilibrium bulk modulus B0
of a crystal can be defined as follows:91

B0 ¼ �V
@P
@V

� �
T
: ð5Þ

A dimensionless parameter B′0 can then be defined as its
first derivative with respect to the pressure, at constant temp-
erature (T ):

B′0 ¼ @B0

@P

� �
T
: ð6Þ

Let us recall that the pressure P may be written as a func-
tion of the volume V as:

PðVÞ ¼ � @E
@V

� �
S
: ð7Þ

According to eqn (7) we can redefine the bulk modulus in
terms of eqn (5) as the second energy derivative concerning
the volume (V):

B0ðVÞ ¼ V
@2E
@V2

� �
T ;S

: ð8Þ

The third-order Birch–Murnaghan isothermal equation of
state91 is given as:

EðVÞ ¼E0 þ 9V0B0

16
V0

V

� �2=3

�1

" #3

B′0

(

þ V0
V

� �2=3

�1

" #2

6� 4
V0
V

� �2=3
" #)

:

ð9Þ

To study anisotropic strain causing a NiO lattice strain,
structural parameters such as bulk modulus are worth study-
ing, as shown in Fig. 7.

In Fig. 7a the bulk modulus values of 210 GPa for NiO are
shown. Moreover, the lattice parameter obtained using DFT+U
computations was aNiO = 4.1842(5) Å. This value agrees with
those obtained using the refinement presented previously
(aNiO = 4.1470(6) Å) and diverges only 0.88% for NiO.
Prakapenka et al.92 studied the high-pressure effects on the
NiO oxygen fugacity buffers. These authors experimentally
measured the NiO bulk modulus using a diamond anvil cell
apparatus. They92 also used the Birch–Murnaghan equation of
state to fit experimental values and obtained a value of 190
GPa for NiO. However, Panero et al.93 also used the Birch–
Murnaghan equation of state to fit experimental values using

Table 3 Raman band positions and assignments extracted from the
NiO@CNFs Raman spectra taken during charge–discharge

Assignment

0 V
(charge)

1 V
(charge)

1 V
(discharge)

0 V
(discharge)

Band position (cm−1)

D 1357 1360 1361 1356
G 1592 1596 1598 1591
D′ 1616 1622 1616 1616
D# 1285 1290 — 1298
D* 1512 1506 — 1515
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the diamond-anvil cell methodology; the authors93 obtained
201 GPa for the NiO crystal structure. This difference can be
related to the samples’ nature, once that Panero et al.93 studied
high-pressure, high-temperature equations of state using nano-
fabricated controlled-geometry samples into a hot-plate.

The SGGA+U computation level improves the calculations
largely by including correlation effects and other properties
such as lattice constants and bulk modulus. Using SGGA+U
several authors obtained NiO bulk modulus values of 177 GPa
(U = 0 eV),94 182 GPa (U = 6.2 eV),95 203 GPa (U = 6.3 eV),96 and
248 GPa (U = 8.0 eV).94 As observed, the present SGGA+U calcu-
lations were reasonable, which are also in good agreement
with other similar SGGA+U calculations. These differences
were related to XC-pseudopotential (PBE, PW91), type-pseudo-
potential (USPP or PAW), and Hubbard values. The experi-
mental values for the NiO bulk modulus was reported as 205
GPa.96,97 Based on the results presented above, in general, NiO
presented an average experimental bulk modulus B0-NiO = 205
GPa. In this sense, bulk modulus values obtained herein of
B0-NiO = 210 GPa agreed with the literature data. Moreover, the
computation level presented herein (SGGA/PBE U = 6.0 eV) is
in agreement with the lattice parameter obtained using refine-
ment, as discussed previously.

The computation of bulk modulus values is essential as a
significant loss in energy conversion for the battery/super-
capacitor is related to the increase of the electrode material’s
molar volume and, consequently, fracture of the nano-
structured material. For example, graphite, which is mostly
used as energy conversion material, presents B0-Graphite =
0.0229 GPa,98 which is significantly lower than that obtained
for the NiO nanostructures discussed above. Understanding

the relationships between the microstructure and mechanical
properties is fundamental for improving and tuning properties
related to a better energy-storage device. As a result, Dai et al.99

studied the intrinsic correlation between fragility and bulk
modulus in metallic glasses. The authors observed a linear
relation for both properties (fragility and bulk modulus) for
26 metallic glasses.

When the probability density distribution is multiplied by
the total number of electrons in the molecule, N, it becomes
known as the electron density distribution or simply the electron
density and is given the symbol ρ(x,y,z). It represents the prob-
ability of finding any one of the N electrons in an infinitesimal
volume of space surrounding the point (x,y,z). Therefore, it
yields the total number of electrons when the overall space is
integrated. The electron density can be conveniently thought
of as a cloud or gas of negative charge that varies in density
throughout the molecule. Once the lattice strain was a com-
pressive-type and related to Ni-site defects, 0.01, 0.02, and
0.03 Å displacement were induced along with the (2 0 0) hkl-
plane towards a compressive volume variation as observed in
Fig. 7b–e, respectively. The most intriguing features in Fig. 7b–
e are that ρ is very large in an almost spherical region around
each nucleus while assuming relatively minimal values; at first
sight, a featureless topology between these nuclear regions.
The high electron density in the nearly spherical region
around each nucleus arises from the tightly held core elec-
trons; the relatively minimal and more diffuse density between
these regions arises from the more weakly held bonding elec-
trons. The calculated electron density shows that charge
density lines are spherical and the plane structure shows the
sign of the ionic bond of Ni and O atoms.

Fig. 7 (a) NiO equation of state (EOS) from DFT-data and Birch–Murnaghan fitting, (b) NiO charge density map using Ni-0.0 Å displacement, (c) Ni-
0.01 Å displacement, (d) Ni-0.02 Å displacement, and (e) Ni-0.03 Å displacement.
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It is possible to notice that, as the Ni-site displacement
increase from 0.01 up to 0.03 Å, the electron density map
located onto the Ni-atom decreases 3.5-fold and the charge
densities accumulated homogeneously near the Ni and O
atom. This decrease in Ni-site charge density is significant to
obtain a deeper understanding of the charge/discharge
dynamic movement of ions. It was discussed previously that
NiO nanoparticles in aqueous media spontaneously transform
into α-Ni(OH)2. However, the increase in the compressive
lattice strain and decreasing charge density onto Ni-site atoms
decrease the promotion and dynamic equilibrium between
NiO and α-Ni(OH)2. The saturation of charge/discharge species
is probably related to the decrease of the electron density
distribution.

4. Conclusions

We have reported nickel oxide nanoparticles’ characterization
supported on carbon nanofibers grown on a carbon-cloth sub-
strate’s microfibers as a material and operando electrode.
Several characterization studies using traditional techniques
and the innovative operando Raman analysis were accom-
plished for studying the fundamentals involving the charge-
storage process in supercapacitors. Raman spectra of the elec-
trode/solution interface were obtained under dynamic polariz-
ation conditions, deconvoluted, and contrasted with the NiO
system’s literature data. Blank experiments were also carried
out using the carbon nanofiber (CNF) scaffold. The ionic
adsorption process was pronounced and relatively easy to
detect using Raman spectroscopy. We observed spontaneous
sulfate adsorption/desorption during the anodic and cathodic
scans, respectively, with the formation of Li2SO4·H2O at the
electrode/electrolyte interface due to an enormous surface
excess of the ionic species. The electrochemical activity of the
Ni(OH)2/NiOOH redox couple previously verified in the cyclic
voltammetry study carried out in an aqueous medium was veri-
fied using the Raman technique. We believe that the intercala-
tion/deintercalation of H+ and, to a minor extent, the Li+ ions
can occur during polarization in aqueous solutions according
to the ‘substitutive solid-state redox reaction’.

Additionally, our electrochemical system shows outstanding
stability with 98% coulombic efficiency after 10 000 charge–
discharge cycles. We believe it is possible that a synergism
exists between the carbon scaffold and NiO, where the former
extracts electrons very quickly. At the same time, the latter is
responsible for the pronounced pseudocapacitive behavior. As
a result, passivation was strongly suppressed, while the voltam-
metric charge increased in the presence of NiO. The
NiO@CNF composite exhibited excellent electron and ionic
conductivities and, consequently, reversible and fast charge-
transfer than bulky materials. We believe that this novel com-
posite material is auspicious for future applications as an elec-
trode in practical supercapacitors. Finally, the combination of
Raman spectroscopy and cyclic voltammetry comprised a

powerful tool to investigate the actual events occurring during
the energy-storage process at the electrode/solution interface.

The electronic structure calculation shows that CNFs lead
to a stabilization of NiO nanoparticles, which present a com-
pressive strain and large bulk modulus values. Also it was
observed that as the Ni-site displacement increases, the elec-
tron density map located onto the Ni-atom decreases up-to 3.5-
fold and the charge densities accumulated homogeneously
near the Ni and O atom. This electronic structure evidence can
lead to a conversion between NiO/Ni(OH)2 with similar Ni2+-
redox values and further to Ni(OH)2/NiOOH (Ni2+/Ni3+-redox)
energy-storage materials.
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