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Monovalent doping in a divalent cationic oxide material like NiO introduces modifications in the cationic valence
state of the lattice and differences in the ionic radii of the cationic site. Such modifications introduce changes in
the oxygen lattice and can introduce interstitial cationic sites, thereby increasing the strain and disorder in the
lattice and modifying the bond lengths, leading to changes in the electronic, transport, and capacitive properties,
which results in modifications in the charge storage properties. Monovalent Li" doping in NiO is commonly
noticed in literature. However, an attempt to correlate the defect formation and associated changes in structural,
vibrational, and electronic properties and thereby correlate these to the charge storage properties has not been
made. In a first-of-its-kind report, this work reveals that the charge storage properties improve until 3% Li*
substitution and thereafter decrease for 6%. The defect study of these materials hints at Li-interstitial being the
responsible factor behind such degradation. The connection of oxygen defects, and Ni?* to Ni®* transformation

seems to increase the charge storage.

1. Introduction

Capacitive electrode materials facilitate high power density, rapid
charging, and long cycle life, making them important as energy storage
materials [1,2]. Nickel oxide (NiO) is well-known for such properties
and possesses good thermal and high chemical stability [3]. It is natu-
rally abundant, and environmentally friendly [3]. On top of that it is not
expensive [3]. However, in spite of a high theoretical specific capaci-
tance of 2584 F g’l in potential window of 0.5 V [3], NiO shows a low
experimental value of specific capacitance (Cs), due to its low conduc-
tivity (resistivity ~1013Qcm) [3,4]. Hence, attempts have been made to
dope NiO by various elements to improve the conductivity of the ma-
terial [4-7]. By modifying the surface area with different types of
morphologies [3,4,8], attempts have been made to improve Cg [8].

Among all possible dopants, monovalent cation doping is an inter-
esting problem as it is supposed to introduce oxygen defects or inter-
stitial cations [4]. Among all the monovalent cations the Li" ion (0.9 A)
is the closest in size to the host Ni** ion (0.83 }o\) [9]. Hence, exploration
of different amount of doping without creating a massive lattice strain
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and disorder is of primary interest. Li" incorporation in NiO leads to
several possibilities: Ni2™ — Ni>* transformation, creation of oxygen
defects (Oy), and creation of Li" interstitial (Li;) [4]. Such changes in the
lattice modify the ligands field and hence the bonds. As a result, the
electronic properties, and therefore the transport, and charge storage
properties are modified [4-7]. Also to mention, the literature is flooded
with abnormally high percentage of doping (>6% ~ 50%) which seems
to be unrealistic because of the differences of the ionic radii, valence
state, increasing lattice strain, and defect formation possibilities
[4-6,10,14-22]. There are reports with lower percentage doping (<3%)
which seem more realistic [11-13,23-25], but these too fail to correlate
lattice structural changes to the changes in the opto-electronic, trans-
port, and hence charge storage properties.

In this study, Li" doping in NiO has been explored, investigating the
dynamics of defect formation like oxygen defects, Ni?" — Ni** con-
version, and Li; formation. Further, these factors have been correlated to
the structural, vibrational changes to the electronic, transport, and
hence the charge storage properties. In the process an optimization of
the amount of Li* doping has been obtained for maximum charge
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storage properties.
2. Experimental procedure

Ni(;.9Lix)O nanocrystalline powders were synthesized using the
following precursors: nickel (II) nitrate hexahydrate (Ni(NO3)2.6H50,
99%, Alfa Aesar) and lithium(I) nitrate (LiNO3.9H50, 99%, Alfa Aesar).
Calculated amount of the above chemicals was taken in separate beakers
and dissolved in de-ionized water (DIW). After obtaining homogeneous
solutions, the lithium solution was added to the nickel solution. The
mixtures were stirred for two hours to ensure the homogenous mixing of
the two precursors. In another beaker a calculated amount of citric acid
and ethylene glycol were mixed thoroughly in DIW. The clear citric acid
and ethylene glycol solution was added to the precursor solution to act
as monomer and thereafter polymer formation upon uniformly heating
at 80 °C on a hot plate required for gel-formation. This polymer network
later on acted as a fuel during burning of the gel at the same tempera-
ture. The obtained powders were then dried and decarbonized and
denitrification at 450 °C. Further, these powders were heated at 600 °C
to finally obtain fluffy black powders containing nanoparticles of Ni.
»Lix)O. The samples were named SO (for x = 0), S1 (x = 0.016), S3 (x =
0.031), and S6 (x = 0.062) [Fig. 1].

The structural phase of these samples was confirmed using a Bruker
D2 Phaser diffractometer equipped with Cu-K, radiation (A = 1.54 A).
For X-ray photoelectron spectroscopy (XPS) measurements using
Thermo-Scientific Escalab 250 Xi, monochromatic Al K, X-rays (hv =
1486.6 €V, 1 = 8.3 A) operating at 150 W under ultra-high vacuum
(~107? mbar) were employed. A survey spectrum was initially obtained
for each sample in the binding energy range of 0-1400 eV. Thereafter,
high-resolution Ni2p (840-890 eV), Lils (46-62 eV), and Ols (520-540
eV) spectra were obtained. The spectra were analyzed with the help of
XPSPEAKA4.1 software. Liquid-state Fourier-Transform Nuclear Mag-
netic Resonance (FT-NMR) measurements were carried out using a
Bruker AVANCE III 400 Ascend FT-NMR spectrometer (Bruker BioSpin
International AG, Switzerland). The surface morphology of the samples
was studied using a Carl Zeiss FESEM/EDS-Supra55 microscope. The
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chemical compositions of the samples were analyzed using an induc-
tively coupled plasma-optical emission spectrometer (ICP-OES) (Agilent
5800, Agilent Technologies, USA) after appropriate acid (HNOj3)
digestion. The vibrational properties, i.e., the phonons were studied
using a LabRAM HR Evolution (Horiba) Raman spectrometer. A He—Ne
laser of wavelength 632.8 nm was employed for excitation. The elec-
tronic band gap was obtained from the UV-Vis diffuse reflectance
spectra (DRS) using a Perkin Elmer Lambda 35 UV-Visible spectro-
photometer. A Teflon (polytetrafluoroethylene, or PTFE) sample was
used as a reference material for perfect reflection. Specific surface area
and pore characteristics were determined from nitrogen adsorp-
tion—desorption isotherms recorded at 77 K using a surface area and
porosity analyzer (Autosorb iQ2, Quantachrome Instruments, Anton
Paar, USA). 180 °C degassing temperature was employed for 2 h to all
the samples, before the adsorption experiments. The Bar-
ret-Joyner-Halenda (BJH) method was used to analyze the pore size
distribution.

Cyclic voltammetry (CV) measurements were carried out using an
electrochemical workstation (make: Kanopy). An Ag/AgCl (3 M KCl)
reference electrode was used with platinum wire as the counter elec-
trode. Ni foams (NFs) (Sigma-Aldrich: thickness of 2 mm, bulk density of
0.45 g cm ™, porosity of 95%, 20 pores/cm, and purity of 99.5%) were
used as the working electrodes onto which the active material was
deposited by drop-casting a dispersed solution containing the materials.
The NFs were cut into strips of dimension 2 cm x 1 cm. An optimization
was performed on the effect of the etching of NFs. It was observed that a
short time etching (<1 min) with a low HCl concentration (< 0.1 M) is
best suited for removing contamination and increasing the surface
roughness thereby improving the adhesion between substrate and active
material. For a more concentrated HCI solution (> 0.1 M) and longer
etching time (> 1 min) an oxide layer seemed to form on the NFs. This
can lead to additional NiO layers of different properties. Hence such
conditions were avoided by sonicating the NFs in 0.1 M HCI for only 1
min for this study. These etched NF pieces were thereafter cleaned with
ethanol. Note that the area of the CV spectra increased for etched NF as
compared to the commercial and only ethanol cleaned NFs
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Fig. 1. Representation of the synthesis process of Li-doped Ni via sol-gel synthesis route.
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[Supplementary Fig. S1 (a)]. The Li-doped NiO samples were deposited
on these cleaned NF substrates for electrochemical performance. Mixers
of active material (Li-doped NiO) with acetylene black, and Nafion in a
weight ratio of 80:10:10 in 500 pL of ethanol were prepared. The com-
bination was ultrasonically mixed for one hour to obtain dispersed so-
lutions with different concentrations. The dispersed solutions were
carefully drop-casted on the NFs with different mass loading: 2 mg, 3
mg, 4 mg, 5 mg, and 6 mg such that the entire NF gets evenly coated.
These coated foams were left to dry in an oven overnight at 80 °C
[Fig. 2]. After drying overnight at 80 °C, the coated NFs were ready for
CV, Galvanostatic Charge-Discharge (GCD), and electrochemical
impedance spectroscopy (EIS) studies. Among the different concentra-
tions of the active materials, the CV spectra revealed a maximum
enclosed area for the 4 mg sample implying the maximum Cs for this
sample at 10 mV/s [Supplementary Fig. S1 (b)]. Therefore, 4 mg mass
loading will be used as a benchmark for further discussions. Hence, in
this work electrochemical studies will be performed on 4 mg mass
loaded samples of doped and un-doped NiO deposited on a 0.1 M HCl
etched (I min) NF. These samples will be hereafter referred as eNF (bare
etched NF), SO/NF (NF coated with SO), S1/NF (NF coated with S1), S3/
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parameters decreased from 4.17 A (S0) to 4.169 A (S1) and 4.168 A (S3)
[4,22], and thereafter slightly increased to 4.17 A (S6) [Fig. 3 (o)1
[4,12,13]. The unit cell volume decreased accordingly from 72.512 A3
(S0) to 72.459 A% (S1) and 72.407 A% (S3) [22], and thereafter slightly
increased to 72.511 A3 (S6) [4,13,22]. In NiO, the oxidation state of Ni is
supposed to be in the Ni®" state with coordination six. The ionic radius
of Ni%*(VI) ion is 0.83 A [9,13]. With the incorporation of Li*, one can
envisage several scenarios involving different vacancies, interstitials,
valence states, etc. [4,5]. However, the most important and natural
consequence of the presence of a lower valence Li* in place of a higher
valence state Ni%* is expected to create O,. Hence, this may lead to a
lattice containing Ni%*, Li*, 0%~ and O, according to the following
possibility [4,6,13]:

(X) LlJr + (1 - X) Ni2+ + O—>Niz+(1,X)Li+(x)0(1,x/2) Ov(x/Z) (1)

However, the presence of Li" can also induce a transformation of the
valence state from Ni>" to Ni®*, thereby reducing the total O, content
[6,11,13,21,22,25]:

(%) Li" + (y) Ni®" + (1 =x —y) Ni** O-Ni*" (1, ) Ni** () Li* (g O x y)/2) Ouixy)/2 2

NF (NF coated with S3), and S6/NF (NF coated with S6). The CV spectra
was recorded at 50 mV/s for the pristine, 0.1 M HCl-treated (1 min), SO,
and S3 samples (with comparable mass loading of ~4 mg). The spectra
revealed clear differences in electrochemical behavior of the samples
[Supplementary Fig. S1 (c)]. The adhesive stability of the coats was
verified by FE-SEM of the cross-section of the materials deposited on the
NF, before performing CV and GCD. EIS was recorded in the frequency
range from 100 kHz to 0.01 Hz using a 5 mV AC perturbation. The
electrochemical properties (CV and GCD) were studied using a three-
electrode assembly cell with a 6 M KOH electrolyte within a positive
potential window. Cyclic Stability tests were performed using GCD at
two fixed current densities of 5 and 10 A g~ for 1000 continuous cycles.

3. Results and discussion
3.1. X-ray diffraction (XRD) analysis

The XRD patterns of the Li-doped NiO nanocrystalline powders
revealed diffraction peaks corresponding to Fm — 3m structure (COD
#1010093) [Fig. 3 (a)] [26]. Rietveld refinement [Fig. 3 (b), Supple-
mentary Fig. S2] revealed a decrease in lattice parameters for Li-doped
samples compared to pure NiO. With Li-incorporation, the lattice
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Such possibilities can only be verified by studying the valence states
of the constituent elements using probes like XPS. Note that the Nis*t (V1)
ion is much smaller ~0.6 A (high spin, HS) or ~ 0.56 A (low spin, LS)
than the Ni®" ion, while the Li*(VI) ion is much larger (0.9 A) than both
oxidation states of Ni ions [9,13]. A simple substitution of Ni?* by Li*
should expand the lattice. This is contradictory to the unit cell volume
contraction in S1 and S3 [4,13], which may be a consequence of O, and
Ni®* formation [4,13]. In the case of S6, the volume expansion can be a
consequence of some Li* ions occupying interstitial positions which
requires extra space in the lattice [4,13]. To verify and substantiate
these claims XPS analysis becomes an important study in this work. Such
inclusion of Oy, Lij, and Ni®* ions are consequences of Li doping and may
result in the deformation or irregularity of the lattice, thereby increasing
the lattice strain and disorder. The microstructural strain (¢) and crys-
tallite size (D) were estimated using the Williamson-Hall (WH) Eq. [24]:
[$.Cos® = €.4Sinf + KA/D; a “y = mx+c” format where y = .Cos, x =
Sing, m = ¢, and ¢ = KA/D], where, g is full width at half maxima
(FWHM), 0 is angle of incidence of X-ray, A is wavelength of X-ray
(1.5406 A), and K (~ 0.94) is a constant dependent on morphology. The
e was observed to increase with substitution from 0.00173 in SO to
0.00175 in S1, 0.0018 in S3 and 0.00199 for S6 [Fig. 3 (d)] [11,12].
Note that this continuous increase of strain indicates the effect of the
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Fig. 2. Representation for the working electrode preparation via drop casting method on NFs.
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Fig. 3. (a) XRD pattern of all samples revealing a Fm-3 m space group consistent with COD #1010093, (a-i) magnified image of (200) peak showing shift with
doping revealing changes in the lattice parameters, (b) a representative representation of a Rietveld-refinement of the pure NiO sample revealing good fitting, (c)

Variation of lattice parameters with substitution, (d) variation of crystallite size and strain with substitution calculated from Williamson-Hall (WH) formula.
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Fig. 4. (a) Ni-2p XPS spectra for all the samples revealing changes in the different components of the spectra, (b) O-1 s XPS spectra for all the samples revealing
modifications with doping, (c) a weak Li-1 s XPS spectra revealing an increase of Li content with doping for all samples, 3(d and e) representative fitting of of Ni-2p
and O-1 s XPS spectra of pure NiO revealing contributions from Ni?*" and Ni*" components with different spin contribution and three different components of the
oxygen spectra corresponding to lattice, adsorbed oxygen, and water adsorption, respectively, (f) Variation of the Ni>*/Ni*" peak area fraction with.
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larger Li" ion in the lattice is associated with a consequential intro-
duction of Ni3+, Oy, and Li;. However, D increased from SO (76 nm) to S1
(107 nm), and S3 (153 nm) [4,11], and thereafter decreased for the S6
sample (114 nm) [11,12]. Hence, the crystallites were large enough for
the chemically modified samples to be called nanoparticles. However,
from the nature of the peaks and the FWHM [Supplementary Fig. S3],
the crystallinity increased for S1 and S3 samples with the increase of size
of the crystallites [10,11], which decreased for the S6 sample, may be
due to an interstitial nature of Li, which increased the strain further
[11]. Note that the XRD data has a very clean non-amorphous back-
ground thereby revealing perfect crystallinity of the materials despite
the increasing strain in the lattice with doping [10].

3.2. X-ray photoelectron spectroscopy (XPS) analysis

The Ni-2p, O-1 s, and Li-1 s XPS spectra were explored to confirm the
valence states of the elements of the synthesized samples at room tem-
perature. For the pure NiO sample, the Ni-2p spectra revealed a con-
voluted feature of seven peaks, belonging to Ni2*-2ps /5 (~ 853.15 eV),
Ni*-2p3/5 (~ 854.94 eV), Ni®"-2p; /5 (~ 870.45 eV), Ni*t-2p; 5 (~
872.24 eV), with three satellite features (at ~860.29 eV, ~ 865.01 eV,
and ~ 878.42 eV) [Fig. 4 (a, d), Supplementary Fig. S4] [6,10,13,25].
Hence, the spin-orbit splitting (SOS) energy between the Ni2t-2p3,, and
Ni2+-2p1 /2 states was observed to be ~17.3 eV. A similar SOS ~17.3 eV
between the Ni®*-2ps/5 and Ni®*-2p ; states was also observed. Note
that a standard value of the Ni-SOS is ~17.49 eV [10] which is close but
higher than the SOS of SO ~ 17.3 eV. A slight shift towards lower binding
energy was observed in both Ni-2p3,, and Ni-2p; /5 peaks with Li doping,
which indicated that the electron density around the Ni cations was
reduced [25]. Note that, SOS for both Ni®*-2p3,, and Ni**-2p; , and
Ni®*-2p3/» and Ni**-2p; 5 were maintained at ~17.3 eV. With an in-
crease of Li content an increase of the Ni®* content was estimated from
the ratio of the Ni*/Ni2" peak areas [Fig. 4 (f)]. The fraction was
observed to increase from 0.361 (S0), 0.372 (S1) to 0.41 (S3) [13,25],
and thereafter nominally reduce to 0.405 (S6) [25]. This hinted at Ni%*
— Ni®* conversion with Li doping until S3 with a slight reduction for S6
[13].

The O-1 s core-level spectrum of NiO [Fig. 4 (b, e), Supplementary
Fig. S5] exhibited a dominant asymmetric peak centered at 528.87 eV
(denoted as Oy), characteristic of lattice oxygen in the Ni—O (Ni2+—02_)
framework [6,10,13,25]. A pronounced shoulder at 530.62 eV (denoted
as Oy) is attributed to defect-related oxygen species [10,13,25]. A
weaker high-binding-energy component at 532.32 eV (denoted as Oy)
is assigned to physiosorbed water and carbonate species. This Opy
contribution is default to the samples due to the ambient exposure prior
to measurement and is not a subject of this study [10,13,25]. In the
pristine NiO (S0), O; dominated the spectrum, indicating a predomi-
nantly Ni?*-0?~ environment. With progressive Li doping (S1, and S3),
the relative intensity of Oy; increased at the expense of Oy [10,13,25].
Quantitative peak area analysis of the Oy/Oj peak area ratios revealed
an increase with an increasing Li content until S3 and then reduced for
S6 [Fig. 4(f)] revealing a similarity with the Ni®*/Ni?* ratio [1 0,13].
This similarity hints at a correlation of the increase of oxygen defect
species with an increase of Ni®* content as a consequence of the charge
compensation in the lattice due to lesser valent Li* substitution of Ni2*
[13]. Such changes are supposed to introduce additional electronic
states that can enhance surface reactivity [13].

However, due to the low photoionization cross-section of Li and
surface sensitivity of XPS, direct and reliable detection of Li, especially
at low doping levels, is challenging [10]. It can be observed that Li-1 s
revealed a weak broad and noisy feature at ~55 eV belonging to sub-
stitutional Li (Li) for S1 sample, which became more prominent for the
S3 and S6 samples [10]. However, along with the Lig peak an additional
Li; (~53.8 eV) peak was observed for the S6 sample with the maximum
Li content. Note that the Lig and Li; were convoluted [Fig. 4 (c), Sup-
plementary Fig. S6] [27]. Li; typically shows a lower binding energy
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compared to Li, reflecting a more “metallic” or less bound state [28].
Notably, in S6, Li;:Lis was found to be ~1:1, which indicates that almost
50% of the Li in the lattice is Li;. Hence, XPS studies provided an
important information that the solubility limit of Li in the NiO lattice is
~3%, and beyond 3% Li; will be introduced in the lattice due to the
larger size of the LiT ion [Fig. 4(0)] [13].

Note that the XRD studies revealed similar changes showing reduc-
tion of unit cell volume, and increase in the crystallite size until S3
thereafter reversing the trend for S6. Hence, the solubility of the Li in the
lattice seems to be responsible for the reduction of cell volume due to a
probable increase of Ni®* and Oy. On the other hand, beyond the solu-
bility limit, the advent of Li; in S6, there is a reduction of Ni®* and O,
[Fig. 4 (f)]. Hence XPS and XRD are commensurate with each other.

To complement the XPS analysis and probe Li incorporation more
sensitively, 7Li nuclear magnetic resonance (NMR) spectroscopy was
performed after dissolving the samples in DO [Fig. 5] [29]. No Li
resonance was observed for the pristine sample (SO), confirming the
absence of Li [29]. A distinct Li resonance centered at ~0.141 ppm in
the NMR spectra provided a direct evidence for Li incorporation in all
the Li-doped samples [29]. Apart from this main peak, a shoulder peak
at a slightly higher ppm was observed for S1 and more prominently for
S6, but was missing for S3 [29]. Note that shoulder peaks are associated
with several contributions, including defects due to Li [29] and also due
to interactions of Li* with Ni?>* and Ni®" ions via intermediate O ions
[29]. As discussed in the previous sections, Li-incorporation may lead to
formation of Ni3+, Oy, and Lij, making possible many interactions which
were absent in the pure NiO [29]. Such a dynamic set of conditions can
be responsible for the shoulder peaks to appear in the NMR spectra of S1
and S6. For any solid solution, there are certain parameters where the
lattice becomes unique for a certain performance. Such “Goldilocks
zone” represents a desirable target which satisfies a precise set of con-
ditions where competing constraints are balanced to achieve optimal
performance [30]. In S3, such a situation may be obtained for Li-
accommodation. However, this is merely a speculation, not a claim as
the present “Li NMR measurements were performed in the liquid state
after dissolving the samples in D20. In the liquid-state NMR, the spectra
reflect an average local chemical environment of Li rather than crys-
tallographically resolved site occupancy in the solid lattice [29].
Further, "Li NMR does not directly probe Oy. Instead, it is sensitive to
vacancy-induced modifications in the local electronic and ionic envi-
ronment surrounding Li ions [29]. Therefore, features such as peak
broadening or shoulder-like asymmetry are interpreted as indicative of
multiple Li environments or local disorder, rather than definitive evi-
dence for specific defect configurations such as Li;. Accordingly, the
combined XPS-NMR analysis provides indirect but consistent evidence
supporting the defect-related interpretations presented in this work.

3.3. FESEM and EDS

FESEM studies were performed to investigate the surface
morphology of the samples [Fig. 6]. The effect of Li* on the particle size
and morphology is important to understand the charge storage proper-
ties. FESEM images of the doped samples revealed that the morphology
remained more or less the same, with agglomerated spherical nano-
particles forming the building block of the material. The agglomerations
seemed to be a collection of smaller nanoparticles forming larger par-
ticles that are further agglomerated to form the building block of the
materials. This gave the morphology a granular and porous nature
[11,13,23].

The elemental composition obtained from EDS measurements for all
the samples revealed signatures of Ni and O only without the detection
of the presence of Li. Li has a very low atomic number (N = 3), with a Li
Ka X-ray energy ~ of approximately 54 eV. This is far below the
detection window of conventional Si (Li) or SDD EDX detectors, as well
as the transmission threshold of detector windows (even those labeled as
“ultrathin” or polymer windows). The low energy of the Li X-rays is
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Fig. 6. FESEM images of Li-doped NiO samples revealing agglomerated nanoparticles with 20 k magnification.

absorbed even before they reach the detector. Hence, using EDX (EDS) To overcome the EDX limitation and obtain quantitative information
the detection of Li even in S6 with highest ~6% Li-doping is extremely on Li content in the samples, ICP-OES (Inductively Coupled Plasma -

challenging under standard conditions and therefore was not observed. Optical Emission Spectrometry) was performed on the samples [Sup-
The Ni:O ratio in all the samples are in the acceptable range confirming plementary Table S7] [22]. ICP-OES offers improved sensitivity for
the stoichiometry of the samples to be of the same structure as NiO [31]. lighter elements compared to EDX and enables bulk compositional
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analysis. Equal amounts of each sample were dissolved in a calculated
amount of HNOs, while maintaining identical synthesis conditions
across all samples. However, Li was detectable only for the higher-doped
samples [22]. While the quantity was calculable for S6 (0.00016 mg/L),
the value was low enough to be calculable for S3, and was not observed
for S1 [22] as for lower doping levels, the Li concentration approached
the detection limit of the technique, making it difficult to establish a
clear monotonic trend across the series [22]. Hence, after not being able
to estimate Li for all the samples and ensure the presence of Li in the
samples, it was understood that NMR was the only powerful tool to
detect Li [29]. As discussed before, the presence of Li was proved from
7Li NMR spectra [Fig. 5] [29].

3.4. UV-visible diffuse reflectance spectra analysis

The band gap, Eg, was estimated from the reflectance percentage (R
%) obtained from UV-Vis Diffuse Reflectance Spectra (UV-Vis DRS) in
the wavelength regime 200-1100 nm [10]. Thick non-transparent
samples were used to reduce the transmission coefficient to zero,
allowing only the possibilities of absorbance (A%) and reflectance (R%).
The Kubelka-Munk function, F(R) was used to calculate the equivalent
absorption coefficient (@), a = F(R) = (1 -R)2/2R, where R (=R%/100) is
the diffuse reflectivity [10]. Using the Tauc method, the optical band
gap was computed using energy-dependent optical absorbance data
[10]. The Tauc method involves a relationship between «, photon en-
ergy (E) = hv, and Eg in the form [6,10]: (ahv)V/™ = A(hv-Eg); where a is
the absorption coefficient, v is the photon's frequency, h is Planck's
constant, A is a proportionality constant, and Ej is the band gap. For a
direct allowed bandgap, n = % [6,10]. Hence, a Tauc plot of (ahv)? vs hv
was plotted for all samples [Fig. 7 (a)]. The optical E; was determined by
protraction of the linear parts of this plot to the x-axis [(ahw)? = 0]
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[5,6,11]. The spectra of all samples exhibited one main absorption peak.
However, multiple distinct pre-absorption features were observed for SO
and S1 [32]. The main absorption edge resulting in the energy gap, E;
(band gap) was due to an O2p to Ni3d transition. E; was observed to
decrease with Li* doping from 3.86 eV in SO to 3.85 eV in S1 and 3.84 eV
in S3 [Fig. 7 (b)] but increased to 3.89 eV in S6 [5,11,12]. These changes
were visually observed from Tauc plots. However, as observed from
their values the changes were minimal. Hence, not much significant
claim could be made from these changes. With Li" doping an increase in
the concentration of free charge carriers could be expected with the
incorporation of lattice defects created due to a mismatch of the valence
state and the ionic radii of the dopant and the host [Supplementary
Fig. S8] [4-6,10,11]. Some reports used Hall effect measurement to
reveal the increase of carrier concentration with Li-doping [5,20].
Hence, the visual differences in the primary absorption edge may be
real.

The multiple distinct pre-absorption features in the visible spectra
can be assigned to distinct absorption peaks originating from optical
transitions between different energy levels of the d orbitals of Ni** ions.
A Ni?* ion in NiO has an electronic configuration of 3d%, in an octahe-
dral field. In the crystal-field (CF) framework, the Hamiltonian for the
transition-metal 3d® ions can be expressed as [33], H = H,, (B,C) +
Hgo (£) + Hrees () + Her (Dg) . In the above expression, He, (a function of
the Racah parameters B and C) is associated with electron-electron re-
pulsions which leads to the Russell-Saunders terms: the ground state °F
(according to Hund rule), and the excited states 3p, 1G, ', and 'S [33].
The term Hgp represents the spin-orbit (SO) coupling, depending on the
parameter & (the spin-orbit coupling constant). On the other hand, Hryees
(function of the Trees parameter a), is a correction term originating from
a two-body orbit-orbit polarization interaction. The electron-electron
interaction as in H,, is a modification of an electronic cloud and hence
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Fig. 7. (a) Tauc plots of Li doped NiO samples revealing changes in the direct band gap, (b) Variation of the E; with substitution, (c) Linear fitting plots for E,

calculation (d) Variation of E, with substitution.
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Fig. 8. Tanabe-Sugano diagram of a d® octahedral for Ni** along with the
allowed transitions [33-35].

also associated with an orbit-orbit polarization. Hence H,, and Hgp are
often a result of a single change in the electronic cloud distribution. The
Hcr (Dq) component is dependent on Dy (a CF strength parameter) [33].

In an octahedral CF for a d®-ion, Russell-Saunders energy levels split
according to the strength of the octahedral ligand field. Note that the 3F
energy level splits into 51, o 3ng, and 3A2g energy levels [31,33].
Similarly, the 'D energy level will split into 1Eg and 1T2g energy levels
while the 3P energy level will give 1T1g, and 'S term will give lAlg. The
above splitting can be represented by the Tanabe-Sugano diagram
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[Fig. 8] for an extremely strong octahedral CF. Without any CF the en-
ergy levels are represented on the left-hand side of the diagram in the
order °F < D < %P < !G < !S. In the strong octahedral CF, the energy
levels are arranged in order 3A2§ éP < 1Eg D) < lAlg e < 3T2g 163)
< 3Ty, CF) < T2 ('D) < 1Ty, (16) < 3T14 CP) < 'E¢ ((G) < Ty ((G) <
lAlg (°S) [31,33,34]. Note that, all possible electronic transitions are not
quantum-mechanically allowed [33,34]. The allowed transitions are
defined by two rules: the spin selection rule and the Laporte rule
[33,34]. According to the spin selection rule, transitions with unchanged
total spin quantum number S (spin multiplicity) are allowed. On the
other hand, the Laporte rule allows transitions with a change of parity
(geu). As a consequence of the above two rules only three electronic
transitions (S = 1< S = 1) can be expected from 3Azg(SF) (i.e. the
ground state) to 3T2g(3F), 3T1g(3F), and 3Tlg(3P), which belong to en-
ergies below the bandgap [33-35]. These three energy transitions are
labeled as vy, v, and v3 respectively in Fig. 8 [11].

As discussed, Li* incorporation introduced Ni3T, Oy, and Li;. Such
modifications in the lattice created disorder and defect states. Generally,
disorder introduces modifications to the conduction band (CB) and
valence band (VB) edges. Such modifications appear as band tails and
are generally exponential in nature [23]: a = ag.exp(hv/E,), where, hv
represents the photon energy. Here, the term E, represents an energy
stored as a disorder in the lattice, known as Urbach energy. E, was
calculated from the slope of In(a) versus hv plot [Fig. 7 (¢)]. Ey increased
from SO (0.276 eV) to S1 (0.537 eV) to S3 (1.026 eV) and thereafter
slightly reduced for S6 (0.996 eV) [Fig. 7 (d)] [11,12]. Hence, with Li*
incorporation along with the increase of lattice strain, the lattice dis-
order also increased.

Hence, from the electronic properties study, it was observed that
with LiT incorporation, the lattice got strained and disordered hinting at
modifications in the electronic clouds of the atoms and thereby changes
in the bond lengths. Such changes should affect lattice vibrations,
transport properties, and charge storage properties.

3.5. Lattice vibration studies (Raman spectroscopy)

The room temperature Raman spectra [Fig. 9 (a)] of the synthesized
nanostructures revealed prominent broad features at 400 and 530 cm ™ *.
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Fig. 9. (a) Raman spectra of Li doped NiO sample revealing modifications and shifts of the phonon modes, (b-i, ii) a close match of the nature of variance of the
Raman shift and the bond length with doping, (c, ii) a close match of the increasing FWHM of 1P(LO) and 1P(TO) phonon modes and the lattice strain with

substitution.
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These corresponded to the 1P(TO) and 1P(LO) vibrational modes of the
NiO lattice, respectively. Some additional weak features were also
observed at 1090 cm ™! that were assigned to a two-phonon 2P(2LO)
vibrational mode of NiO [13,23,36].

Due to Li" doping in the NiO lattice, the notable changes can be
linked with the changes in the effective mass, bond strength (i.e. bond
length), vacancies, and electrostatic interaction between ions. The mass
of the dopant Li (~ 6.94 u) is much lighter than Ni (58.69 u). As phonon
frequency is directly related to the square root of the bond strength and
inversely to the square root of the effective masses of the vibrating
atoms, such changes are most likely to affect the phonon modes in terms
of frequency and intensity for the doped samples. Moreover, the valence
state of dopant Li* is lesser than the host Ni2*. Hence, one can expect
more Oy in the doped lattice than the undoped pure NiO.

The 1P(LO) mode is purely due to an O—O planar vibration in the
(111) plane, while, the 1P(TO) mode arises due to O—O transverse vi-
brations perpendicular to the (111) plane. Hence, both 1P(TO) and 1P
(LO) are correlated to the O—O vibrations. Li" doping is expected to
modify the oxygen lattice, thereby affecting these modes. Moreover, the
lesser effective mass due to Li* substitution is likely to modify the
phonon frequency to higher wavenumbers, i.e., a blue shift. There is a
possibility that the Li*-O?~ bond may be weaker than the Ni*-0%~
bond, which will be responsible for a redshift [13,23]. Experimentally
the 1P(TO) mode has been observed to redshift from ~381 cm™! (S0), to
~370 em™ (S1), to ~356 cm™' (S3), while the 1P(LO) mode has
redshifted from ~502 cm™? (S0), to ~482 cm! (S1), to ~460 cm!
(S83). For the S6 sample these modes were observed ~362 em ! (1P(TO))
and ~ 465 cm ! (1P(LO)) [Fig. 9 (b)]. On the other hand, the FWHM of
these modes increased continuously from ~77 em™! (S0) to ~86 cm ™!
(S1), to ~149 cm™ (S3), and ~ 188 cm™ (S6) for the 1P(TO) mode and
~ 132 ecm ™! (S0), to ~157 em™* (S1), to ~168 ecm ™" (S3), and ~ 195
cm ! (86) for the 1P(LO) mode [Fig. 9 (c)] [13].

The redshift of these modes is possible due to two conditions: a
weakened bond strength and an increase in the effective mass [23].
However, the effective mass decreased with Li doping thereby suggest-
ing that the rate of weakening of the bond strength is far higher than the
effect of decreasing rate of the effective mass of the vibrating atoms. This
was observed more evidently from the increasing Ni2*-0?~ bond length
[Fig. 9 (b-ii)], which is an indication of the decreasing bond strength of
these bonds [23,37]. The increasing FWHM was due to the increase of
structural disorder in the lattice which is evident from the increasing
strain [Fig. 9 (c-ii)] and Urbach energy from the UV-visible studies [37].
Such an increase in disorder was discussed in terms of increasing Oy in
the lattice. Hence, the results of the Raman studies supported by the XRD
and UV-visible studies, now can logically claim that Oy and O;, i.e. in
general oxygen species play an important role in the structure of the
materials, thereby modifying their vibrational and electronic properties.

For the S6 sample, the amount of Li; increased drastically to above
50%. These Li; created a huge pressure in its vicinity, thereby com-
pressing the local Ni—O bonds. Such a decrease in bond length has been
observed in XRD studies. In such compressed lattice, the energy of vi-
bration is generally increased and hence a blueshift of the concerned
phonon is expected. The Raman spectrum of S6 did reveal a blue shift to
~465 cm ™!, confirming the increased lattice pressure due to Li incor-
poration which is consistent with the increase of strain from Williamson-
Hall studies and disorder from Urbach energy studies.

A much broader and less intense 2LO mode was also observed
~1071.83 ecm~! for SO, which weakened and redshifted to lower
wavenumber ~1040.79 cm™! for S1 and ~ 936.21 cm™! for S3. The
feature vanished for S6. This feature can be attributed to the Ni—O
stretching vibrations corresponding to the antiferromagnetic (AFM)
strength of the lattice [23]. The reduction of structural symmetry due to
increasing Oy content in the lattice near the Li" site, introduces modi-
fication of local Ni—O bond length and therefore affects the AFM
ordering due to the disrupted lattice symmetry. On top of that, the
advent of Li; in S6, added to the degrading symmetry which was
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probably the reason behind the reduced AFM and thereby the vanishing
of 2LO mode.

3.6. Cyclic Voltammetry

Among the different concentrations of the active materials, the CV
spectra revealed a maximum enclosed area for the 4 mg sample implying
the maximum C; for this sample at 10 mV/s [Supplementary Fig. S1 (b)].
Therefore, 4 mg mass loading was used as a benchmark for further
discussion. Oxidation and reduction peaks are related to the Faradaic
reaction occurring on the electrode active surface in the CV spectra
[3,8,38]:

NiO + OH —NiOOH + e~ (Oxidation, charging)

NiOOH + H,0,4; + €~ —a — Ni(OH), + OH™ (Reduction, discharging)

o —Ni(OH),—NiO + H,0 (Dehydration in alkaline medium)

Asymmetric redox peaks were observed at ~0.4 V (oxidation) and ~
0.2 V (reduction), similar to reported values [11]. The asymmetricity
was due to the kinetic irreversibility caused by interchange of electrons
and ions during redox reactions.

Cs was calculated from the CV spectra [2,38]: Cs = ([idt)/(AV x m x
9). Here, [idtis the enclosed area under the curve, representing the total
stored charge, AV is operating potential window, 9 is scan rate, and m is
mass deposited. The energy density (E) is the energy stored per unit
mass, and is defined by [2]: E = 1C,AV?. On the introduction of Li* in a
NiO lattice, the electronic structure, conductivity, and hence the elec-
trochemical behavior was modified, thereby modifying the CV profiles
[Fig. 10 (a), Supplementary Fig. S9]. Hence, the redox peak positions
and the enclosed areas for a specific 9 were different from sample to
sample. From XRD and XPS it was concluded that Li* doping increased
the Ni®" percentage until S3. As a result of increased Ni>" proportion,
the amount of Ni®*/Ni’T redox couple increased, consequently
improving the electrical conductivity. This increased electrical con-
ductivity allowed faster electron transfer and therefore faster Faradaic
reactions leading to higher pseudocapacitive storage. UV-vis absorption
spectra revealed increased defect states inside the bandgap due to Li*
incorporation, exposing more electroactive sites for redox reactions.
Such increased defect states thereby facilitate the redox reactions.
Hence, the increased enclosed surface area and peak potential shift can
be correlated to such electronic changes leading to an improved C; from
438.86 Fg~!in S0, to 465.08 F g in S1,t0 528.34 Fg ' in S3 at 5mV/s
[Fig. 10 (b)]. Thereby, the value of E increased from 21.94 J/g in SO, to
23.25 J/g in S1, to 26.41 J/g in S3 [Fig. 10 (c)]. For higher doping, i.e.
for S6, XPS studies revealed a reduced Ni®*/Ni®* ratio. Hence, C;
reduced to 502.02 F g~! for S6 as compared to 528.34 F g1 in S3 but is
higher than 465.08 F g’1 in S1. Similarly, E was lower (25.10 J/g) than
S3 but higher than S1.

The charge storage capacity of all the electrodes can be attributed to
two factors. Firstly, significant increase in the redox properties, and
secondly, the amount of porosity of the materials [2]. While redox
properties are an internal perspective and comes from changes in
oxidation states of ions of the materials, the porosity depends on factors
like agglomeration or networking of the nanoparticles. To understand
how the surface area and other factors related to the agglomeration are
affected by Li doping, N> adsorption-desorption (BET) measurements
were carried out for all samples [Supplementary Fig. S10] [8]. The BET
results revealed a nominal increase in specific surface area from 0.625
ng’l (S0) to 0.68 ng’l (S1) and thereafter drastically increased to
4.968 ng’l (S3) [10], followed by a reduction to 1.134 ng’l (S6)
[10]. The pore diameter, nominally increased from 4.0 nm (S0) to 4.1
nm (S1) [10], thereafter revealed a continuous reduction to 3.35 nm
(S3) and 2.47 nm (S6) [10]. The total pore volume revealed a continuous
increase from 6.22 x 10~* em®/g (S0) to 6.88 x 10~* ecm®/g (S1), to
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Fig. 10. (a) CV spectra for all samples at the same scan rate (50 mV/s), revealing increasing charge transfer and hence specific capacitance until S3 followed by a
drop in S6, (b, ¢) reduction of specific capacitance and energy density with increasing scan rate for different samples respectively, note that the inset of (b) revealed of

specific capacitance for two different scan rates (5 mV/s and 50 mV/s)”.

Table 1
BET specific surface area, pore volume, and average pore diameter of the pristine
and modified samples derived from N: adsorption-desorption isotherms.

Sample  BET surface area Avg. Pore diameter Total pore volume
(m?/g) (nm) (em®/g)

S0 0.625 4.0 6.22 x 107*

S1 0.68 4.1 6.88 x 107*

S3 4.968 3.35 417 x 1073

S6 1.134 2.47 2.0 x 1072

417 x 1073 cm3/g (S3), and then a reduction to 2.0 x 1073 cms/g (S6)
[Table 1] [10]. The continuous increase of surface area and pore volume
from SO until S3 should improve the electrolyte accessibility and thereby
enhance electrochemical double-layer capacitance. Note that, from CV
studies, a similar enhancement of the electrochemical performance was
observed until S3 followed by a reduction in performance in S6. How-
ever, such a correlation between surface area/pore volume with the
electrochemical performance may not be the entire story. Hence, the
electrochemically active surface area was estimated using the Randles-
Sevcik equation.

Randles-Sevcik equation for a supercapacitor defines the peak cur-
rent (I,) as: I, = (2.69 x 10%)n®2ADY/2C9"/2 [2,10,39]. Here, n is the
number of electrons transferred, A is the electrode surface area, D is the
diffusion coefficient of the electroactive species, and C is the concen-
tration of the redox species. The value of peak potential is given ac-

cording to the relation [2,39]: Ep = E° + (%) In9. Here, E° is the

standard redox potential, a is charge transfer coefficient (0 < a < 1), and
R, T, F are universal constants. From the CV curves at different scan rates
in 0-0.1 V potential window [Fig. 11 (a), Supplementary Fig. S11], Cy
values were calculated using slope value of (jo —jc)/2 and 9 [Fig. 11

(b)1, where j, and j. are anodic and cathodic current at a fixed potential
(1.08 V RHE vs V). The C4 values were found to be 0.103 mF-cm 2 for
S0, 0.962 mF-cm ™2 for $3, and 0.362 mF-cm 2 for S6. This resulted in an
effective surface area from 2.576 cm? in SO, to 25.002 cm? in S3, and
9.039 cm? in S6 [Fig. 11 (¢)]. This approach enabled differentiation
between changes arising from increased electrochemically active sites
and those originating from variations in physical surface area. The
calculated ECSA values demonstrate a substantial increase in electro-
chemically accessible active sites for Li-doped samples, particularly S3.

The general form of the Randles-Sevcik eq. can be written in a form
I, = ad®. The dimensionless value b predicts the expected charge storage
mechanism; b is between 0 and 0.5 for battery materials, between 0.8
and 1.0 for capacitors, and mean b-values of 0.5-0.8, for supercapacitors
[2]. The Randles-Sevcik eq. can be rewritten in the logarithmic form as
[2]: log (Iy) =log (a) + b log(9). This provides a better understanding of
the energy storage mechanism, by studying the influence of the scan rate
on peak current [Fig. 12 (a), Supplementary Fig. S11]. The slope of the
log (Iop) vslog(9) plots provided the b value. The b value decreased from
~0.769 in SO to 0.703 in S1 and 0.659 in S3 and thereafter increased to
0.788 in S6 [Fig. 12 (b), Supplementary Fig. S12]. These values of b
indicate a super-capacitive nature of electrodes that stores charge by
both surface adsorption and diffusion mechanisms. These high b-values
hinted towards a better performance at high scan rates because capac-
itive processes respond more quickly to voltage changes than diffusion-
limited ones. Hence, the contribution of the capacitive and diffusion-
controlled charge stored was obtained using Dunn's method at a fixed
potential [2]: [,(9) = k; 8+ k29'/2, where k; 9 and k»8'/2 are current
contributions from the surface adsorption and diffusion-controlled
processes, respectively. The contributions of capacitive and diffusion
charge storage processes in the scan rate range of 5 to 50 mV/s were
revealed in Fig. 12 (c) [supplementary Fig. S13]. At a scan rate of 5 mV/
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Fig. 11. (a) Cyclic voltammetry (CV) curves of the pure NiO electrode recorded at different scan rates (20-100 mV/s) within the window 1.02-1.14 V (RHE vs, V),
(b) Linear fitting of the capacitive current density (Aj = ja - j) as a function of scan rate for different samples, used to estimate the double-layer capacitance (Cq)) from
the slope, (c) Comparison of electrochemical surface area (ECSA) values calculated from Cq for SO, S3, and S6, showing a pronounced increase in electrochemically

accessible active sites upon Li doping, particularly for S3.
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Fig. 12. (a) Cyclic voltammetry (CV) curves of the SO electrode recorded at different scan rates (5-50 mV/s), showing the evolution of current response with
increasing scan rate, (b) Power-law fitting of peak current as a function of scan rate (log i vs. log v) for S0, yielding a b-value of 0.769 + 0.039, indicative of mixed
surface-controlled and diffusion-controlled pseudocapacitive charge storage, (c) Relative contributions of capacitive (surface-controlled) and diffusion-controlled
charge storage for SO at different scan rates, obtained using Dunn's method, and (d) Variation of capacitive and diffusion-controlled contributions across
different samples (S0-S6) at low (5 mV/s) and high (50 mV/s) scan rates, highlighting the evolution of charge storage mechanisms with Li doping.

s, the ratios of the capacitive to diffusive charge storage were 42:58 (S0),
21:79 (S1), 16:84 (S3), and 37:63 (S6). At a lower scan rate, ionic
diffusion into deeper active sites becomes more possible, ensuring full
redox kinetics due to more amount of time available, which is absent at
higher scan rates. This enables the increasing capacitive contribution in
the samples. An analysis was hence performed to find the percentage
contribution of the capacitive component with different scan rates for all
the samples. It was found that even for high scan rates, the capacitive
contributions for S1 and S3 were less than 50%, whereas, for SO and S6
[Fig. 12 (d)] these contributions were much higher, which may involve
the contribution of pores and surfaces at higher scan rates for these
samples. Hence, diffusion vs capacitive contributions from CV responses
showed increasing pseudocapacitive fractions with Li-doping, particu-
larly in S3, consistent with enhanced Faradaic charge storage rather
than mere increments of surface area.

Hence, from this analysis some important factors can be established:
a) the materials are super capacitive in nature, b) the major contribution
of capacitance comes from the diffusive charge storage properties at
lower scan rates for all samples, c) there is a possibility of capacitive
increment in SO and S6 samples at higher frequencies but for S1 and S3
contribution is mainly from diffusive property.

The GCD behavior of the SO and Li*-doped NiO electrodes was sys-
tematically investigated in the potential window of 0.0-0.4 V at various
current densities to interpret their capacitive performance [Fig. 13(a-b),
Supplementary Fig. S14]. All GCD curves exhibited a distinct quasi-
triangular shape with characteristic plateaus, showing the coexistence
of electric double-layer capacitance (EDLC) and Faradaic redox
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processes. The asymmetric nature of the GCD profiles, particularly at
lower current densities, suggested irreversibility of the Lit-assisted
redox reactions. As the applied current density increased from 1.5 A g~*
to 20 A g*1 [Fig. 13 (a)], a progressive reduction in the discharge time
was observed. This is consistent with the redox kinetics of the material
related to the ion diffusion and electron transport properties at high scan
rates.

Comparative GCD profiles at 1.5 A g~! for different doping levels
[Fig. 13 (b)] revealed a significant enhancement in the discharge
duration upon Li" incorporation. This demonstrated its pivotal role in
improving the electrochemical kinetics and charge storage capability.
Quantitative analysis of the GCD curves using the relation [2]: C; = (I
At)/ (m AV), confirmed a substantial improvement in the Cs with Li*
doping. The SO sample exhibited a Cs of 511.54 F g1 (energy density, E
=11.36 J/g), which increased to 553.33 F g’1 (E=12.26J/g) for S1. A
remarkable enhancement was observed for the optimally doped sample
S3, reaching 888.15 F g~ ! (E = 19 J/g), corresponding to a ~ 73.6%
increase over SO. For the highest doping level (S6), the Cs and E values
slightly decreased to 789.47 F g~! and 17.54 J/g, respectively, which,
although lower than S3, remained superior to both SO and S1. This
performance trend was consistent across the full current density range
[Fig. 13 (c, c-i, and d)], where S3 consistently outperformed other
compositions, suggesting an optimal substitutional Li* concentration for
maximizing electroactive sites while avoiding excessive lattice distor-
tion or agglomeration that might have hindered charge transfer.

Note that there is a notable discrepancy between capacitance values
obtained from CV and GCD measurements. This discrepancy is an
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current density in different samples, respectively, and (c-i) increasing specific capacitance with doping until S3 followed by a decrement in S6 for both 1.5 A/g and 20
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intrinsic property of pseudocapacitive electrodes and arises from the
different time scales and charge-storage mechanisms probed in these
two techniques. CV, performed under a linear potential sweep, pre-
dominantly captures fast surface-controlled processes and is excellent
for analyzing performance at high scan rate [2]. However, for finite
slower scan rates diffusion-limited bulk redox reactions are dominant.
Internal resistance (IR) losses also affect CV strongly because both cur-
rent and effective voltage vary continuously during the sweep. Hence,
CV is used primarily to assess redox behavior, kinetics, stability, and
operating potential windows [8].

On the other hand, a constant current is applied in GCD measure-
ments [2], which allows sufficient time for deep ion diffusion [deeper
penetration (diffusion depth, Lscp (oo Dt) > Lcy] and full utilisation of
bulk electroactive sites [2]. Therefore, GCD provides a more accurate
quantitative measure of charge storage [2]. Generally, this yields higher
capacitance values. Note that the capacitive values from GCD mea-
surements were calculated using [2]: Cgcp = (I At)/ (m AV), where At is
usually much larger than AV/v in the capacitance expression for CV
measurements [2]: Coy = ([idt)/(AVxm X 9). This is the reason behind
Qcep > Qev € Cgep > Cey. Note that accepting high scan rates in the CV
measurement may be somewhat similar to high current measurements
in GCD, a comparison may be done for all the samples. It was observed
for a faster process (high scan rate/high current), the discrepancies of
the value of capacitance for both CV/GCD measurements is minimal in
all the samples. However, the discripencies becomes prominent for
slower processes (low scan rate/high current). This further proves the
charge storage properties are dependent on two different types of
mechanisms, surface-controlled and diffusion-related properties, where
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diffusion plays an important role and is more visible at slow scan rate
processes. Also to be noted is that the CV-GCD discrepancy increased
with Li doping. It is to be remembered that Li* doping increased the Ni**
percentage until S3, increasing the Ni>*/Ni%* redox couples. Li-doping
also introduced defects like Oy, Li; and Ni?* — Ni®™, generating lattice
strain. These modifications are also responsible for modification in the
electrical conductivity, which further allow faster electron transfer and
therefore faster Faradaic reactions leading to higher supercapacitive
storage. In this work, the CV-GCD discrepancy increased from ~100 F g
! for pristine NiO to ~300 F g’1 for the Li-doped S3 sample [10]. Hence, a
major contribution of the bulk-dominated storage mechanisms can be
expected, overshadowing the surface effects. This explains the enhanced
capacitance observed in the doped samples. Note that accepting high
scan rates in the CV measurement may be somewhat similar to high
current measurements in GCD, a comparison may be done for all the
samples. It was observed for a faster process (high scan rate/high cur-
rent), the discrepancies of the value of capacitance for both CV/GCD
measurements is minimal in all the samples. However, the discrepancies
become prominent for slower processes (low scan rate/high current)
[Fig. 14]. This further proves the charge storage properties are depen-
dent on two different types of mechanisms, surface-controlled and
diffusion-related properties, where diffusion plays an important role and
is more visible at slow scan rate processes.

For statistical validation (mean + SD), over three independent CV
and GCD measurements are provided [Supplementary Fig. S15]. The
results are reported with relatively small standard deviations observed
for both CV and GCD measurements, which confirmed good experi-
mental reproducibility and data consistency. This statistical validation
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supported that the observed performance enhancement, as well as the
CV-GCD discrepancy, arised from intrinsic electrochemical behavior
rather than random experimental error or measurement uncertainty.

Hence, this study on Li-doped NiO revealed a strong correlation
between structural modifications, optical properties, electrical perfor-
mance, and electrochemical properties. With Li* incorporation, the
strain and disorder in the lattice increased. It was observed that the
tendency of Li* to occupy the interstitial positions increased with
increasing Li content. In S1 and $3, Li* mostly substituted Ni?*, thereby
creating Ni>" and oxygen defect species, For $6, approximately 50% of
added Li* was interstitial. As a result, the Ni>*/Ni2* ratios and oxygen
defect species were proportionately altered, thereby modifying the
ligand field, electronic cloud distributions, lattice vibrations, transport
properties, and thereby electrochemical properties. Hence, this work is
just not about a substitution of Li* in NiO lattice but a guideline on how
the nature of this substitution can affect the pseudocapacitive charge
storage properties of an important material like NiO.

2000

Z' (ohm)

3000

'20'00
Z (ohm)

0 1000 4000

Fig. 15. Electrochemical impedance spectra for all samples along with the
proposed equivalent circuit that is capable of fitting the spectra.
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3.7. Impedance studies

EIS was carried out at the equilibrium potential (0 V) in 1 M KOH and
shown in Fig. 15. The Nyquist spectra revealed a quasi-semicircle in the
higher frequency range followed a low frequency, nearly-linear rise
ascribable to Warburg function/impedance (Zy). The quasi-semicircle
feature was due to a charge transfer process taking place at the elec-
trode/electrolyte interface. The diameter of the quasi-semicircle is
equivalent to the charge transfer resistance (R¢) [2]. The linear rise
corresponds to the diffusion of the electrolyte ions from the bulk solution
to the surface of the electrode [2]. The intersection of the EIS spectra
with the real axis is the solution resistance (Rs) [2]. The classical Randles
equivalent circuit [Fig. 15 (inset)] was employed to simulate the EIS
spectra and the fitted values using the software ZVIEW are listed in
Table 2. It was evident from the fitted values that there were negligible
differences in Rs. With Li-doping, R.; decreased drastically from 2.2 kQ
in S0 to 1.72kQ in S1 465 Q in S3 and thereafter increased to 869 Q in S6
[10,11]. A possible reason behind this reduction of R, is the formation
of holes and oxygen defect species in the samples due to Li-
incorporation. The Cq; value were found to continuously increase from
58.5 mF in SO, 72.7 mF in S1, 253 mF in S3 and 302 mF in S6. Note that
from CV studies, for the non-Faradaic region, the purely capaciti-
ve Cg values were found to be 0.103 mF-cm 2 for S0, 0.962 mF-cm 2
for $3, and 0.362 mF-cm ™2 for S6. The Cg values estimated from the
slope of (J; — Jo)/2 vs 9 reflects a dynamic capacitive response during
CV, whereas the values obtained from EIS corresponds to a near-
equilibrium interfacial capacitance extracted under small-signal
perturbation. Although both arise from the same electrochemical dou-
ble layer, their numerical values are different due to differences in time
scale, perturbation amplitude, and surface state contributions [10,11].
Note that R decreased from SO to S3 and thereafter increased for S6. A
decrease in Rt suggested that the kinetics of lithium-ion transfer at the
interface have improved significantly due to doping. On the other hand,
Z, continuously increased with Li doping from 415 u-ohm for S0, to 519
u-ohm for S1, to 563 u-ohm for S3, and 1050 u-ohm for S6. This indi-
cated a slow diffusion of Li* within the bulk material or to/from the
electrode surface, despite a faster interfacial charge transfer. This could
hypothetically occur if the doping introduces structural changes that,
while being beneficial for charge transfer, somehow impede the long-
range or bulk diffusion of lithium ions, leading to a higher Z;, even as
the R drops.

Based on the CV and EIS measurements, it was found that compared
to pure NiO, 3% Li-doped NiO NPs have superior electrochemical ac-
tivity. Since the S3 electrode exhibited the best overall pseudo-
capacitive performance, the electrode was further investigated for its
stability and cycling capacity. Fig. 16, reveals the GCD profile of the S3
and SO electrodes. The experiment was run for 1000 cycles in 6 M KOH
electrolyte solution. The symmetric triangular-shaped GCD with a
prominent plateau are characteristics of the supercapacitive behavior,
which can be observed for the both the samples right from the first cycle
till the 1000th cycle. The symmetric nature of the curves is also an
indication that the electrode has suffered no fatal damage to its structure
during this study. Moreover, the S3 electrode showed excellent capaci-
tive retention of 92% at the end of the 1000th cycle [10], which con-
firms its remarkable cyclic stability.

In general, literature reports a high rate of current density (>10 A/g)
to facilitate testing of the electrode's robustness under high-power

Table 2

The fitted impedance parameters based on the proposed equivalent circuit.
Sample Rs (ohm) R.; (ohm) Cgi(mF) Z.,/(ohm) Chi*2
SO 5.25 2.2k 58.5 415u 0.10075
S1 5.91 1.72k 72.7 519u 0.08449
S3 9.89 465 253 563u 0.30862
S6 6.6 869 302 1.05m 0.08285
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operation. This enables probing high-rate mechanical and interfacial
stability. Probing with high current density has been done by several
groups [40- 45]. Comparatively low current densities are also reported
in the literature [46,47]. At high current densities (high power),
different failure modes may be encountered, such as electrode polari-
zation, contact loss, mechanical strain, and fast surface reaction fatigue.
Low current density cycling enables slow diffusion-limited degradation,
phase changes, and electrolyte-induced dissolution or transformations.
Consequently, retention or stability, measured at 10 A g~%, can differ
from that at lower current densities, depending on whether failure is
dominated by high-current effects or by slow, diffusion- or bulk-related
processes. At low current density, electrolyte ions have sufficient time to
penetrate deeper into the electrode structure, enabling reversible redox
reactions with minimal polarization and structural stress.

Keeping this point in mind, the stability was tested at both lower (5
A/g) and higher (10 A/g) current densities [Fig. 16] [10]. The stability
result at 5 A/g yielded an 80% retention for SO, while for S6 it was
~99%. Whereas for 10 A/g, these values were 56% for SO and 92% for
S6. Hence, the changes in the retention values drastically changed from
80% to 56% in SO, while the change was only nominal, from 99% to 92%
in S3 [10], indicating the better performance and stability of the Li-
doped sample. Hence, Li-doping enables the lattice to have a better
stable electrochemical robustness even if the cycling is performed with
high current densities.

Hence, to summarize this work [Fig. 171, it should be mentioned that
granular agglomerated NPs of Li-doped NiO revealed contraction of
lattice parameters up to 3% doping followed by a marginal lattice
expansion at 6% doping. The contraction can be attributed to Ni2*
Ni®* conversion resulting in a continuous increase of Ni®*/Ni?" ratio
associated with simultaneous modifications in the O-lattice introducing
O-defect species until 3%. An expansion in the lattice in the 6% sample
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may be due to the advent of Lii. Minor reduction in direct bandgap (3.86
— 3.84 eV) was observed up to 3% doping followed by an increase at 6%
doping. Lattice strain and disorder increased with increasing doping.
Softening and broadening of LO/TO modes revealed weakening Ni—O
bonds due to O-defects until 3%.

A strong correlation between the lattice modifications and capacitive
behavior was observed with doping: S3 revealing maximum Cs = 528 F
g ! at 5mvV/s by CV and 888 F g~! at 1.5 A g~! by GCD. A ~ 74%
enhancement was due to an increased Ni®*/Ni?" redox activity and
defect-mediated conductivity as compared to SO. Excess Lii in S6 reduced
Cs. Ret decreased by ~79%, before rising again for S6. The optimally
doped electrode also exhibited outstanding cycling stability, retaining
92% capacitance after 1000 cycles.

However, the most important part of this work, is the segregation
and decomposition of the different contribution of the materials in the
supercapacitive performance, thereby concluding that the appropriate
3% substitution of Li™ leads to only one type of Li species which enables
this material to obtain highest performance characteristics, which was
not obtained for lower doped, higher doped, or undoped samples.

4. Conclusion

Li-doping of NiO seems to result in the replacement of Ni** by Ni®*
and Li + associated with the introduction of O-defects until 3% doping,
thereby increasing the lattice strain and disorder. New modified bonds
like Lit-0%", Ni®*-0%", Ni**-0,, Li*-O,, etc. in place of Ni*t-0%~
changes the ligand field of the lattice locally, bringing in modifications
in the bond strength, thereby modifying the vibrational and electronic
properties and hence improving the transport properties. The Cq value
were found to continuously increase from SO to S6, from EIS studies, but
from non-Faradaic CV studies, a particular trend was not obtained. This
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Fig. 16. Experimenting of the cyclic stability of the pure and S3 samples for 1000 GCD cycles at 5 A/g with a retention of 80% in pure and 99% in S3 sample and at

10 A/g with a retention of 56% in pure and 92% in S3 sample.
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Substitutional Li* (<3%
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1 Oxygen defect species
1 Ni**/Ni** ratio

1 Conductivity

| Charge transfer resistance
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Fig. 17. Comparison of substitutional and interstitial Li*-ion in the tuning of Oxygen defect species and Ni®* Content for High-Performance NiO Supercapacitors.

difference arises from the differences in time scale, perturbation
amplitude, and surface state contributions. For the optimally 3% doped
sample, Cs increased by ~74%, while R¢; decreased by ~79%, resulting
in an excellent retention of 99% at 5 A/g and 92% at 10 A/g after 1000
cycles, showing remarkable cyclic stability. On the other hand, an excess
or shortage of Li" ion incorporation in NiO results in detrimental per-
formance of the electrode.
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