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rain size-specific capacitance
interrelationships in nickel oxide†

Alhad Parashtekar,ab Laure Bourgeoiscd and Sankara Sarma V. Tatiparti *a

Nickel oxide exhibits almost the highest theoretical specific capacitance (Cs), which includes contributions

from non-faradaic double layer charging and faradaic OH� adsorption. However, the realistic and tangible

Cs is due to the faradaic process, which can be influenced by chemical (i.e. stoichiometry) and structural (i.e.

grain size) changes. Hence, it is necessary to investigate the interrelationships among chemical and

structural features and charge storage capacity. Here, a non-stoichiometric nickel oxide (NixO)

containing Ni2+ and Ni3+ was synthesized by a sol–gel method at 620, 720 and 920 �C using

Ni(NO3)2$6H2O and citric acid. The grain size as estimated from X-ray diffraction increases from 55 to

194 nm with increase in the synthesis temperature. The stoichiometry measured through Ni2+ (or Ni3+)

fraction from X-ray photoelectron spectroscopy also increases from 70.3 to 99.2 atom% with synthesis

temperature. The Cs due to faradaic OH� adsorption was estimated from cyclic voltammetry in 2 M KOH

within �0.05 to +0.60 V vs. Hg/Hg2Cl2/KCl (sat. in water). This Cs increases from 7.5 to 92.4 F g�1 with

a decrease in the grain size and stoichiometry (increase in Ni3+) due to possibly the increased

conductivity and NiOOH formation through OH� adsorption. The deviation from stoichiometry at lower

grain size mainly stems from nickel vacancy accommodation, according to the thermodynamic model

proposed here. The interrelationships among stoichiometry, grain size and the specific capacitance of

nickel oxide are investigated.
1. Introduction

Nickel oxide is extensively studied for its high theoretical
capacitance (2495–2584 F g�1 (ref. 1 and 2)), ease of availability,
and good thermal and electrochemical stability.3–5 Nickel oxide
is a non-stoichiometric metal oxide (NixO).6–11 The origin of its
non-stoichiometry stems from the possible presence of Ni3+

along with the stoichiometric Ni2+,12 or in other words, cation
(Ni2+) deciency.6,13–16 The difference in the number of Ni2+ and
O2� ions leads to the presence of Ni3+.6,17 Alongside, the other
predominant point defect in NixO is the nickel vacancy
ðV00

NiÞ:13,14,16 Generally, Ni1+ is thermodynamically unstable
rendering Ni2+ and Ni3+ as the only cations in NixO.15

The charge storage capacity of NixO can depend on chemical
and structural features. Chemical features include mainly the
relative fractions of Ni2+ and Ni3+.18 For example, an NixO with
a higher fraction of Ni3+ was demonstrated to be more facile as
anode for Li-ion batteries.18 The charge storage capacity of Li-
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ion batteries containing only Ni2+ (40 mA h g�1) is about
seven times less than that of the Ni3+ containing counterparts
(280 mA h g�1).18 In another study, Kim et al. observed that the
concentration of Ni3+ decreased with annealing temperature.19

This eventually led to a decrease in the specic capacitance of
NixO.19 Meanwhile, the studies conducted by the Sahoo et al.
and Rougier et al. highlighted the role of Ni3+ in charge storage
mechanism of NixO supercapacitor.20,21

Electrochemical charging and discharging in NixO was
demonstrated to happen by chemisorption and desorption of
OH� ions from the aqueous KOH electrolyte on the electrode
surface.1,2,5,22 The adsorbed OH� ions leads to the formation of
nickel oxyhydroxide (NiOOH), where the oxidation state of Ni is
reported as around +3.9,12,23–25 Thus it can be implied that higher
Ni3+ (or non-stoichiometry) can enhance the specic capaci-
tance of NixO. Further, the electrical conductivity can increase
the specic capacitance (Cs).26–30 The electrical conductivity of
NixO was reported to be higher at its grain boundaries than in
the grain interiors (bulk).31,32 In another study Cs of cobalt oxide
increased from 165 to 486 F g�1 by decreasing the average grain
size from 22 to 6 nm.33 Therefore, increasing the grain boundary
fraction is envisaged to increase Cs of NixO. However, the
reports on relating specic capacitance with grain size are
scarce in literature.

The specic capacitance of NixO can be increased by
decreasing stoichiometry (i.e. increasing Ni3+) and decreasing
RSC Adv., 2022, 12, 8333–8344 | 8333
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the grain size. Hence, there is a need to investigate the relation
between stoichiometry and grain size. Ni3+ is created when
atmospheric oxygen (O2) reacts with the nickel oxide, resulting
in nickel vacancies ðV00

NiÞ: The presence of these vacancies is
manifested as a relatively larger oxygen ion (O2�) fraction.34–36

Duffy and Tasker reported extensively on the formation energy
of V

00
Ni:

11,37 The formation energy for V
00
Ni is lower in the grain

boundary when compared with that in the grain interior.34–39

Therefore, grain boundaries become negatively charged upon
the formation of V

00
Ni: Thus, the electrostatic potential set by

negatively charged grain boundary compels the formation of
Ni3+ in the bulk within the neighborhood of grain boundaries to
maintain charge neutrality.11,37,40–42 This region is called space
charge zone.43–45 The formation of this space charge zone
reduces the free energy of the material as a consequence of
achieving the thermodynamic equilibrium.43 A higher concen-
tration of V

00
Ni in grain boundaries requires a larger fraction of

the latter. However, studies on the relation between V
00
Ni (and so

Ni3+) concentration and the grain boundary fraction or the grain
size are also scarce in literature. Hence, it is essential to inves-
tigate on the interrelationships among chemical, structural
features and charge storage capacity.

In the present work, we synthesized nickel oxide by using
Ni(NO3)2$6H2O and citric acid through sol–gel method at 620,
720, and 920 �C. It is observed that the average grain size,
estimated from powder X-ray diffraction, decreased by nearly
four times from 194 to 55 nm when the synthesis temperature is
changed from 920 to 620 �C. Also, the specic capacitance
estimated from cyclic voltammograms in 2 M KOH increased
from 7.5 to 92.4 F g�1 with this decrease in synthesis temper-
ature. The estimated fraction of Ni3+, from X-ray photoelectron
spectra, is higher at lower synthesis temperatures. The increase
in the specic capacitance with the decrease in the grain size
and that in stoichiometry (i.e. increase in Ni3+) is explained by
a possible increase in the conductivity and NiOOH formation.
For relating the stoichiometry with grain size, a thermodynamic
model us proposed based on the space charge formation,
considering various point defects present in NixO. According to
this model, a deviation from stoichiometry is related to a lower
grain size, corroborating with the experimental results, for
accommodating nickel vacancies. In this work, the interrela-
tionships among stoichiometry, grain size and the specic
capacitance of nickel oxide are investigated. The results of the
present study can be useful in designing materials with
enhanced specic capacitance.

2. Experimental section

Nickel oxide was synthesized from Ni(NO3)2$6H2O (Merck;
purity $ 98%) and citric acid (Sigma Aldrich; purity $ 99.5%).
0.1 M aqueous solutions of Ni(NO3)2$6H2O and citric acid were
prepared and stirred separately for 30 min at room temperature.
The obtained green colored solution of Ni(NO3)2$6H2O was
added dropwise to the colorless solution of citric acid using
burette at 40 �C. The solution was evaporated at 70 �C while
stirring with a magnetic stirrer on a hot plate. On completion of
evaporation, a light green powder was obtained. This powder
8334 | RSC Adv., 2022, 12, 8333–8344
was then heated in air by temperature ramping at 5 �Cmin�1 up
to various temperatures viz. 620, 720 and 920 �C and annealed
for 5 h at these temperatures, to produce NixO. These nickel
oxide samples are referred to as NiO620, NiO720 and NiO920,
respectively. For checking the grain size stability the annealing
was prolonged up to 15 h.

A commercial copper wire of 1 mm diameter was used as
a current collector. Any surface contamination on this copper
wire was removed by ling and eventual ultrasonication in soap
solution followed by acetone for 15 min each. Electrode paste
was prepared by mixing nickel oxide powder, polyvinylidene
uoride (PVDF; Alfa Aeser; purity $ 98%) and acetylene black
(Alfa Aeser; purity $ 99.9%) in 80 : 10 : 10 weight ratio. N-
methyl pyrrolidine (Honeywell; purity $ 99.5%) was added to
this mixture, as a solvent for PVDF, in the ratio of 400 ml per
50 mg of nickel oxide. This paste was applied on a 1 cm length
of the copper wire to prepare the electrode. The rest of the
copper wire was coated with PVDF and N-methyl pyrrolidine to
avoid contact with electrolyte. The coated copper wire was dried
in vacuum oven at 120 �C for 12 h.

Electrochemical performance of the nickel oxide was studied
by performing cyclic voltammetry (CV) by employing an elec-
trochemical workstation (CH 660, CH Instruments). The copper
wire coated with nickel oxide, acetylene black and PVDF was
used as the working electrode. An aqueous Hg/Hg2Cl2/KCl (sat.
in water) and Pt grid were used as the reference and counter
electrodes, respectively. 2 M KOH solution was employed as an
electrolyte. Prior to CV, 40 cycles in the potential range from
�0.05 to +0.60 V at a scan rate of 50 mV s�1 were performed to
clean the electrode. The electrode cleaning was followed by CV
in the same potential range at scan rates of 5, 10, 20, 35, 50, 80
and 100 mV s�1 for specic capacitance measurements. Here,
anodic current is assumed to be positive.

Phase identication was done at room temperature using Cu
Ka radiation in a Rigaku, Smartlab X-ray diffractometer (XRD).
A scan range (2q) of 20–80� and step size of 4� min�1 were used.
The mean grain size was estimated using Williamson–Hall
(WH) method (see S1†), where the total peak broadening is
given as eqn (1).46–48

bhkl ¼
Kl

d cosðqÞ þ 43 tanðqÞ (1)

where 3: lattice strain, and d; crystallite length in the direction
perpendicular to the set of reecting planes, K: a constant; l:
wavelength of X rays and q: diffraction angle. WH analysis was
performed using the built-in prole tting algorithm in X'Pert
Highscore Plus.49,50 To subtract the instrument contribution to
the peak broadening, the instrument parameters were calcu-
lated by prole tting of the XRD pattern of SRM-640 stan-
dard.51 For stoichiometry estimation (see S2†) an X-ray
photoelectron spectroscope (XPS, AXIS Supra, Kratos Analyt-
ical) with Al Ka radiation was used. The XPS spectra were
deconvoluted using ESCApe soware. The phase evolution in
the synthesized nickel oxide samples was checked through
differential scanning calorimetry (DSC) by employing STA8000
PerkinElmer. The DSC measurements were conducted in Ar
© 2022 The Author(s). Published by the Royal Society of Chemistry
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atmosphere by heating from room temperature to 1300 �C at
a heating rate of 4 �C min�1.
3. Results and discussion

Fig. 1 shows the powder XRD patterns of all the samples
annealed for 5 h at the synthesis temperatures. From Fig. 1, all
the samples possess major peaks at 2q values of 37.3�, 43.4�,
63�,75.4� and 79.6� corresponding to nickel oxide (Fig. 1a). The
average grain size of nickel oxide increases with the synthesis
temperature (Fig. 1b). The grain size of nickel oxide was also
estimated (i) during temperature ramping from room
Fig. 1 (a) Powder XRD patterns of nickel oxide powders. (b) Variation
of estimated average grain size with synthesis temperature.

© 2022 The Author(s). Published by the Royal Society of Chemistry
temperature to various synthesis temperatures up to 920 �C and
(ii) while isothermal annealing at these temperatures for
various durations (5, 10 and 15 h). The XRD patterns during
temperature ramping and while isothermal annealing up to
15 h and the corresponding grain sizes are shown in S1b
(Fig. S3–S5†). According to the DSC studies nickel oxide starts to
form at �315 �C and completes by �400 �C (not shown here),
which is supported by the obtained XRD patterns (Fig. S3†).
From Fig. S3 and S5† some grain growth in the samples was
observed during temperature ramping during synthesis. Even-
tually, when all the samples were isothermally annealed at the
respective synthesis temperatures of 620, 720 and 920 �C up to
15 h, the grain growth was almost negligible (Fig. S4 and S5†).
Hence it can be said that the grain growth is stabilized in these
samples at around 5 h of isothermal annealing. This justies
the selection of 5 h of annealing time for synthesizing nickel
oxide for the present study. From Fig. 1b it can be, further,
observed that the standard deviation in measuring the grain
size increases with temperature. The grain growth while
temperature-ramping and dwelling are partly responsible for
such increase in the stand deviations (Fig. 1b). For the chosen
synthesis temperatures the grain size exhibits an almost linear
relationship with temperature (Fig. 1b).

Fig. 2a, c and e show the Ni 2p3/2; and Fig. 2b, d and f show
the O 1s XPS spectra of all the freshly synthesized samples. The
experimentally obtained Ni 2p3/2 spectra were deconvoluted by
employing a method used by Armstrong et al.12 to check the
presence of various oxidation states that Ni can exist in, viz. +2
and +3. While deconvoluting, the binding energies corre-
sponding to these oxidations were xed within an interval of
�0.1 eV. These binding energies and the chosen interval are in
accordance with those obtained by Biesinger et al. and Arm-
strong et al.52,53 The deconvolution of Ni 2p3/2 spectra of all the
samples resulted in peaks around 854.7–854.9 and 855.2–
855.3 eV corresponding to Ni2+ and Ni3+, respectively (Fig. 2a, c
and e).12 The satellite peaks at �862 eV in all the samples arise
from (i) no transfer of electron from ligand to Ni 3d (c3d8L) and
(ii) shielding by transfer of two electrons from ligand to Ni 3d
(c3d10L�2).54,55 Here the superscript ‘�2’ represents the number
of electrons transferred from ligand to metal. The deconvolu-
tion of O 1s spectra resulted into two peaks in the ranges of
529.1–529.3 and 530.9–531.1 eV (Fig. 2b, d and f). The former
range (i.e. ‘Main Line’ in Fig. 2b, d and f) is associated with the
oxygen present in NixO lattice. The latter range (530.9–531.1 eV)
is a result of the defects present in place of O2� ions in NixO
(denoted as ‘Defect Line’ in Fig. 2b, d, f). These defect lines in O
1s spectra can also be associated with the adsorbed OH� ions
on NixO surface.53 To check the presence (or absence) of the
adsorbed OH� ions, the XPS spectra of the freshly synthesized
samples and the old samples (i.e. synthesized two days prior to
conducting XPS studies) are compared in Fig. S6.† From Fig. S6†
the intensity of the defect line is signicantly less in freshly
synthesized samples suggesting that OH� adsorption is insig-
nicant in these samples. Further, no additional form of oxygen
such as adsorbed H2O is found from XPS spectra.

The presence of both Ni2+ and Ni3+ in Ni 2p3/2 spectra
(Fig. 2a, c and e) clearly indicate that the synthesized nickel
RSC Adv., 2022, 12, 8333–8344 | 8335
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Fig. 2 Deconvoluted Ni 2p3/2 spectra (a), (c), and (e); O 1s spectra (b), (d), and (f) of NiO620, NiO720 and NiO920, respectively.

Fig. 3 (a) Ni2+ and Ni3+ mole fractions as function of synthesis
temperature. (b) Photographs of nickel oxide powder synthesized at
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oxide is non-stoichiometric. The deviation from stoichiometry
is quantied by estimating the ratio of the number of oxygen
ions (NO2�) and the total number of nickel ions (NNi ¼ NNi2+ +
NNi3+; where NNi2+ and NNi2+: number of Ni2+ and Ni3+ ions,
respectively) for each sample. This ratio is calculated from the
quantitative analysis from the XPS spectra using eqn (2)
(see S2†).

NO2�

NNi

¼ IO=RSFO

INi=RSFNi

(2)

where, IO and INi are areas under O 1s and Ni 2p (Ni 2p3/2 and Ni
2p1/2) peaks; RSFO and RSFNi are the relative sensitivity factors
for O 1s and Ni 2p photoemissions which are 0.780 and 4.404,
respectively for Kratos AXIS supra.53 The estimated NO2�/NNi

ratios are 1.04, 1.02, and 1.00 for NiO620, NiO720 and NiO920,

respectively. Eventually, the mole fractions of Ni2+ ions
�
NNi2þ

NNi

�
in all the samples are estimated from NO2�/NNi ratio, assuming
that the NixO is charge neutral. This charge neutrality is rep-
resented in eqn (3).

2NNi2+ + 3NNi3+ ¼ 2NO2� (3)

On dividing eqn (3) by the total number of nickel ions (NNi)
followed by rearrangement eqn (3) can be transformed to eqn
(4) (see S2†).

NNi2þ

NNi

¼ 3� 2� NO2�

NNi

(4)
8336 | RSC Adv., 2022, 12, 8333–8344
The estimated mole fractions of Ni2+ and thus Ni3+ are shown
in Fig. 3a. The mole fraction of Ni2+ increases with synthesis
temperature, indicating an increase in the stoichiometry in
these samples with synthesis temperature.
620, 720, and 920 �C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The observed color of the samples supports these estimated
mole fractions. It is established in the literature that the black
color indicates the non-stoichiometric nature of nickel oxide
(i.e. presence of Ni3+), while the green color corresponds to the
stoichiometric nickel oxide.10,56–58 The photographs of the
synthesized samples are shown in Fig. 3b. The color of the
NiO620 sample is nearly black (Fig. 3b) due to the very high
relative mole fraction of Ni3+ in this sample (Fig. 3a). The
NiO720 and NiO920 samples exhibit nearly green color (Fig. 3b)
owing to the increased Ni2+ mole fraction (Fig. 3a). Thus, the
various mole fractions of nickel species estimated from XPS
corroborate with the color variations in samples, and is
consistent with the reported literature using ferrometric
titration.18

The CVs from all the samples at a representative scan rate of
35 mV s�1 are shown in Fig. 4a. The charging and discharging
segments are clearly indicated in Fig. 4a. All the CVs exhibit
both anodic and cathodic peaks indicating the presence of
redox reactions. The anodic peak corresponds to the adsorption
of hydroxyl ion and the cathodic peak corresponds to the
desorption of the same, as this reaction occurs on the surface of
the electrode.22,59–62 The redox reaction is shown in eqn (5).63–67
Fig. 4 (a) Cyclic voltammograms (CVs) of nickel oxide samples recorded
processes and OH� adsorption estimated from CVs as function of synth
temperature. (d) Contributions of non-faradaic processes, OH� adsorpt
CVs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
NiO + OH� # NiOOH + e� (5)

Since the whole process either initiates from OH� (in
adsorption) or yields the same (in desorption), eqn (5) is
referred to as adsorption/desorption.22,59–62 A close observation
of Fig. 4a shows that there is a gradual current-ramp in the
regions where the redox peaks are absent. This suggests that
apart from the above-mentioned redox reactions (faradaic
process, eqn (5)), a large double layer charging/discharging
(non-faradaic process) is also responsible for the current
density.68 From Fig. 4a, the area under the curve decreases with
an increase in the synthesis temperature. The area under the
curve represents the (i) charge stored/delivered (once these CVs
are converted to current density–time plots) through non-
faradaic and faradaic processes; and (ii) charge involved in
oxygen evolution reaction (OER), occurring at potentials anodic
to around +0.50 V vs. SCE. On the anodic side, the CVs were
performed up to +0.60 V SCE to ensure the completion of the
OH� adsorption (faradaic, anodic peaks in Fig. 4a). This is
necessary to estimate the charge storage through OH� adsorp-
tion. According to various reports in literature, the end point of
in 2 M KOH at 35 mV s�1. (b) Specific capacitances due to non-faradaic
esis temperature. (c) Electrochemical porosity as function of synthesis
ion and oxygen evolution reaction to the total estimated charge from

RSC Adv., 2022, 12, 8333–8344 | 8337
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OH� adsorption and the onset of OER overlap around +0.50 V
SCE.69,70 This overlap is seen as the local minimum between
these peaks in the CVs (Fig. 4a). For the present experimental
conditions this local minimum occurs around +0.50 V SCE,
consistent with literature. With the increase in the scan rate the
peak current densities increase, and peak shis towards higher
potentials in anodic side (see, Fig. S7†). This behavior is likely
a result of the diffusional nature of the given redox reaction.67,71

The charge storage nature is investigated for the nickel oxide
samples synthesized at all the temperatures using widely
accepted Dunn's equation, i.e. ip¼ anb (where ip: peak current in
CV; n: scan rate; a, b: constants).72 Here, various values of
b suggest different charge storage behaviors. For example, b¼ 1
suggests pure capacitive behavior; b z 1 denotes pseudocapa-
citive nature; b ¼ 0.5–1 is associated with diffusional process
(with contributions from pure diffusion-controlled and capaci-
tive processes); b ¼ 0.5 indicates pure diffusion-controlled
charge storage.72 The estimated b values for NiO620, NiO720
and NiO920 are 0.90, 0.87 and 0.73, respectively (analysis not
shown here). These values suggest that the charge storage
behaviour in these materials is predominantly diffusional (b ¼
0.5–1). With the increase in the scan rate the ion diffusion
cannot keep pace with charge transfer, as a result of the shorter
times that the electrode spends at every potential in those
higher scan rates. The specic capacitance is estimated using
eqn (6).

Cs ¼ 1

mnDV

ðVf

Vi

idV (6)

where, Vi and Vf: initial and nal potentials in a scan;m: mass of
active material (g), n: scan rate (V s�1); DV: difference between Vi
and Vf; and i: current.

The specic capacitance solely due to the OH� adsorption
i.e. faradaic processes is not emphasized in literature. However,
the specic capacitance of pure nickel oxide without any special
modication to morphology (nanosheets, nanotubes) calcu-
lated by using total area under CV are reported to be in range of
59–380 F g�1 in literature for various scan rates.61,64,73,74 Nickel
oxide synthesized at 620 �C in the present work exhibits
a specic capacitance of 106–1000 F g�1 within the employed
scan rates of 100–5 mV s�1, respectively, when the full area
under CV is considered. This shows the present nickel oxide is
superior in the charge storage performance. The reverse trend
between the specic capacitance and the scan rate is a result of
such a trend between the available time for the electrode at any
potential and the scan rate (as explained earlier).

To estimate the specic capacitance exclusively due to the
OH� adsorption the charging segment of the CV is divided into
two smaller segments as (i) up to +0.25 V and (ii) beyond
+0.25 V. These segments involve only non-faradaic (absence of
electrochemical reaction), and both faradaic (presence of elec-
trochemical reaction) and non-faradaic processes, respectively.
The segment comprising the faradaic contribution is further
truncated at a potential (+0.50 V) where the contribution from
OH� adsorption is minimal. Thus, the contribution from OH�

adsorption is estimated by integrating the current densities
8338 | RSC Adv., 2022, 12, 8333–8344
corresponding to the charging segment of the CV from +0.25 to
+0.50 V with respect to time aer subtracting the non-faradaic
contribution within these potentials. The schematic of the CV
segment, with the contributions of non-faradaic, OH� adsorp-
tion and oxygen evolution reaction are delineated in S3
(Fig. S8†). A detailed description of the estimation of the
specic capacitance due to OH� adsorption is given in ESI
(see S3†).

The estimated specic capacitances due to OH� adsorption
and non-faradaic processes are shown in Fig. 4b, corresponding
to the scan rate of 35 mV s�1 (Fig. 4a), along with the experi-
mental error bars. The uncertainty while estimating the specic
capacitance was calculated as per the method given in S4.† The
estimated specic capacitances due to OH� adsorption and
non-faradaic processes decrease with an increase in the
synthesis temperature (Fig. 4b). The reasons for this decrease in
the specic capacitance can be two-fold: (i) a decrease in the
electrochemical surface area, and/or (ii) a change in the struc-
tural and chemical features. Here, the geometrical surface area
was kept constant for all the electrodes with 1 cm of the Cu wire
being coated with the material. Hence, any changes in the
surface area should arise due to the changes in porosity. To
check the inuence of surface area on specic capacitance, the
porosity was estimated from electrochemically through CV
employing a method proposed by Trasatti et al.75 The detailed
description of the estimation of the electrochemical porosity is
given in S5.† The estimated porosity values are shown in Fig. 4c.
The porosity values could not be estimated experimentally due
to the non-availability of the appropriate experimental facility.
From Fig. 4c a �14% drop in the porosity is observed from
NiO620 to NiO920. In contrast, the specic capacitances due to
OH� adsorption and non-faradaic processes decrease by �92%
and �43%, respectively (Fig. 4b), when the synthesis tempera-
ture increases from 620 to 920 �C. Such a small drop in the
porosity cannot explain the large drop in the specic capaci-
tances. This is further substantiated by considering the
percentage contributions of non-faradaic, OH� adsorption and
OER towards the total estimated charge during the charging
segment of CV (Fig. 4a). These percentage contributions are
shown in Fig. 4d. Similar percentage contributions at all the
scan rates employed in the present study are shown in Fig. S9†.
It can be seen from Fig. 4d and S9† that the percentage of OH�

adsorption decreases and that of non-faradaic processes
increases with an increase in the synthesis temperature. Had
the electrochemical surface area, alone, been responsible for
decreasing the specic capacitances, these percentage contri-
butions of OH� adsorption and non-faradaic processes should
have remained the same, which is not the case here (Fig. 4c and
d). In other words, the not-so-signicant change in electro-
chemical surface area (estimated through porosity) cannot
cause such large changes in the specic capacitance arising
from OH� adsorption and non-faradaic processes, both of
which are surface phenomena. This clearly indicates that the
structural and compositional features are possibly inuencing
the specic capacitance. Here the main structural and chemical
features considered are grain size (Fig. 1b) and the relative
fraction of Ni2+ and Ni3+ (Fig. 3a).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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The experimentally estimated specic capacitance (Fig. 4b
and d) is related to both grain size (Fig. 1b) and stoichiometry
(Fig. 3a) in NixO.With an increase in the stoichiometry (i.e.Ni2+,
Fig. 3a) the faradaic contribution to the current decreases
(Fig. 4b and d). This is because nickel oxyhydroxide (NiOOH) is
known to form on NiO during the charging segment of CV
(Fig. 4a).64,74,76–78 The oxidation state of Ni in b-NiOOH is +3;
whereas, g-NiOOH consists of mixture of Ni2+ and Ni4+.23–25 The
XPS analyses by Armstrong et al.12 and Oswald et al.9 show that
Ni in g-NiOOH is in +3 oxidation state.9,12 Similarly, NiOOH
formed on nickel oxide surface aer OH� adsorption is ex-
pected to have +3 oxidation state.79–82 These results suggest that
Ni3+ is most likely participating in the NiOOH formation. The
formation of NiOOH occurs through OH� adsorption (eqn (5)).
Thus, the charge storage through faradaic contribution and
specic capacitance (Fig. 4b and d) should increase with an
increase in Ni3+ fraction (Fig. 3a). Further from Fig. 3a, Ni3+ and
Ni2+ exhibit opposite trend within their mole fractions with
synthesis temperature due to the charge neutrality constraint
(eqn (3)). This opposite trend clearly indicates that specic
capacitance decreases with an increase in Ni2+ fraction. Since
Ni3+ and Ni2+ mole fractions exhibit opposite trend (eqn (3)), the
specic capacitance is equally sensitive to the changes in both
these mole fractions, but with an opposing trend. Further, the
electrical conductivity of grain boundary and bulk in the
synthesized nickel oxide samples were estimated as described
in S6.† The estimated electrical conductivity is higher in grain
boundary than in bulk in nickel oxide.31,32 The conductivities of
the bulk are not affected by the synthesis temperature
(Fig. S12b†). The grain boundary conductivity is higher than
that of the bulk and decreases with synthesis temperature
(Fig. S12b and c†) and Ni2+. In other words, grain boundary
conductivity increases with an increase in Ni3+. An enhance-
ment in the conductivity most likely increases the specic
capacitance. Thus, the specic capacitance (Fig. 4b and d) is
higher when the grain boundary fraction is higher or the grain
size is lower (Fig. 1b). Thus, the charge storage-chemical (stoi-
chiometry) and charge storage-structural (grain size) interrela-
tionships are established.

The investigation on the interrelationship between chemical
(stoichiometry)-structural (grain size) features is presented
here. Firstly, a detailed analysis on the presence of various
defects is presented. Eventually, a thermodynamic model is
proposed to relate the stoichiometry and grain size. It is well
known from literature that nickel oxide can be non-
stoichiometric with the presence of nickel in both +2 and +3
oxidation states.45,83–87 The relative amounts of Ni2+, Ni3+ and
O2� are constrained by the charge neutrality condition already
shown in eqn (3). From eqn (3), it can be inferred that a less
stoichiometric nickel oxide will have a greater number of oxygen
ions (NO2�) than nickel ions (NNi ¼ NNi2+ + NNi3+). The difference
between the number of oxygen ions and that of nickel ions (NO2�

� NNi) is half of the number of Ni3+. The Ni3+ with +1 net charge
is also called as a ‘hole’ and is denoted as ‘h’, here.6,88 The closer
the composition to the stoichiometry, the less would be the
concentration of Ni3+ and vice versa. The holes in nickel oxide
are formed by its reaction with oxygen (e.g. from atmosphere).
© 2022 The Author(s). Published by the Royal Society of Chemistry
The formation of holes is accompanied by the formation of
nickel vacancy to maintain the charge neutrality, as shown in
eqn (7).34,37,83,84,86

1

2
O2ðgÞ�!NiO OO þ V

00
Ni þ 2h (7)

In NixO, the concentrations of these defects depend on
synthesis temperature (Fig. 3a). Apart from temperature they
also depend on stoichiometry to maintain the charge neutrality.
In order to maintain the charge neutrality, oxygen vacancies
ðV��

OÞ also can be present. Thus, the charge neutrality can be
attained by a balance among V

00
Ni; V��

O and h as shown in eqn (8).

2NV
��

O
þNh ¼ 2N

V
00
Ni

(8)

where, NV
��

O
; Nh and NV00

Ni
are concentrations of the respective

defects. However, the V��
O requires a higher energy for its

formation i.e. 2.50 eV as opposed to 1.58 eV for V
00
Ni;

85 thereby
rendering its concentration much less when compared with the
V

00
Ni:

14,16,17,45,89 Hence, eqn (8) can be rewritten as eqn (9).

Nh z 2N
V
00
Ni

(9)

The formation energies of various defects viz. V
00
Ni; V��

O and h
can be different in the grain interior (‘Bulk’) and at grain
boundaries (‘GB’). The GB fraction exhibits opposite trend with
grain size and is expected to decrease with the increase in the
synthesis temperature (Fig. 1b). From literature the formation
energy of V

00
Ni is lower in GB region as opposed to in Bulk.11,41

Thus, V
00
Ni form preferentially at GB. Therefore, the V

00
Ni; or the

lack of Ni2+, is manifested as the presence of locally and rela-
tively (with respect to Ni2+) higher number of negatively charged
oxygen ions (NO2�) being present in GB. The relatively higher
concentration of O2� makes the GB negatively charged. This
negatively charged GB develops an electrostatic potential and
compels Ni3+ (or holes) to segregate in Bulk towards the
neighborhood of GB. This region extends into the Bulk and is
popularly known as the space charge zone.11,43,44 Since, the
various samples in the present study exhibit different extents of
non-stoichiometry (Fig. 2 and 3a), the concentrations of the Ni3+

and V
00
Ni are different in these samples. These different

concentrations of the defects need to be accommodated within
the Bulk and GB regions.43 Hence, the defect concentration
(Fig. 2 and 3a) and the grain boundary area (fraction), or in
other words, grain size (Fig. 1b) are related. Also, the concen-
tration of Ni3+ and the grain boundary fraction are directly
proportional to each other to accommodate V

00
Ni in the grain

boundaries. Or in other words, the stoichiometry (or the devi-
ation from it in terms of Ni3+, Fig. 3a) and the grain size (Fig. 1b)
are inversely proportional to each other.

In order to understand the accommodation of Ni3+ and V
00
Ni

within Bulk and GB regions, a thermodynamic model is devel-
oped. This model can estimate the distribution of V

00
Ni; V��

O

and h in Bulk and GB, whichminimizes the Gibbs free energy of
the system. According to this model an arrangement of V

00
Ni in

GB, and holes (Ni3+) in the space charge zone is necessary to
attain equilibrium.43 One of the outcomes of this model is that
RSC Adv., 2022, 12, 8333–8344 | 8339
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a deviation from stoichiometry leads to a lower grain size, as is
indeed the case here (Fig. 1b and 3a). The assumptions of the
model are: (a) the defects do not interact with each other.45,89 (b)
Formation energy of a given defect is the same everywhere in
a given region.44,45,89 That is, the likelihood for the presence of
the defects is the same everywhere within GB or Bulk, sepa-
rately. (c) GB and Bulk regions are considered as two separate
phases of nickel oxide.90 (d) The system is treated as thermo-
dynamically open and the exchange of oxygen atoms is allowed
between the system and surroundings (eqn (5)). A detailed
development of the thermodynamic model is given in S7a.† As
per this model, the concentrations of various defects denoted as
nqp (where p: V

00
Ni; V��

O and h; and q: GB or Bulk) as a function of
spatial coordinate (x) in a given region of material is given by
eqn (10).

nqp ¼ N exp

�
� Uq

p þ zpQfðxÞ
kT

�
(10)

where, N: number of available sites for defects under consid-
eration in a unit volume; Uq

p: defect formation energy; zp: net
charge on defect p; Q: charge on proton; f(x): electrostatic
potential; k: Boltzmann's constant; T: absolute temperature. In
eqn (10), only electrostatic potential f(x) is unknown and is
Fig. 5 (a) Solutions of eqn (11) for different potential values at GB/Bulk in
and nh/Nh as functions of distance from GB/Bulk interface.

8340 | RSC Adv., 2022, 12, 8333–8344
calculated by solving Poisson's equation (eqn (11)). Since, eqn
(11) is applicable to both Bulk and GB, the superscript q is
omitted.

V2f ¼ 1

30

0
BBB@2N e

 
�

U
V

��

O
þ2QfðxÞ
kT

!
þ
�
N �N

V
00
Ni

�
e

�
� UhþQfðxÞ

kT

�

� 2N e

 
�

U
V
00
Ni

�2QfðxÞ
kT

! 1
CCCA

(11)

where, 30: permittivity of vacuum.
Eqn (11) is solved separately for Bulk and GB. The 1D solu-

tion yields a general trend of spatial distribution of defect
concentration. For computations, origin (i.e. x ¼ 0) is consid-
ered to be at the interface separating GB and Bulk (GB/Bulk).
The solution to eqn (11) requires dening two boundary
conditions: (a) Assuming that the material is locally charge
neutral at distances away from GB/Bulk,43–45 the electrostatic
potential (f(x)) at long distances from GB/Bulk (x ¼ N), to
terface (f(0)) (b) Fractions of nickel vacancies and holes; and nVNi
/NVNi

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Mole fractions of Ni2+ ions estimated from experiments and
calculated from thermodynamic model as function of grain size.
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maintain the charge neutrality is represented as fN. Therefore,
f(x) ¼ fN at x ¼ N; and (b) The potential (f(0)) at GB/Bulk is
varied to maintain the global charge neutrality. Hence, f(x) ¼
f(0) at x ¼ 0. The detailed method of solving eqn (11) is
described in S7b.† The formation energies of the defects in Bulk
and GB are not available in literature. Therefore, formation
energies are assumed and tabulated in S7c.†

Fig. 5a shows solutions to eqn (11) which are obtained by
varying the boundary condition (b). The boundary condition fN

is xed by the charge neutrality constraint at distances away
from GB/Bulk. Therefore, the concentration of the defects in the
thermodynamic model was varied by the changing the f(0). The
magnitude of f(0) was always maintained greater than that of
fN to ensure that the electrostatic potential approached fN

with distance away from GB/Bulk. The potential at GB/Bulk
(f(0)) is used for both Bulk and GB. f(0) is varied from +0.35
to +0.50 V and from �0.70 to �1.00 V in GB and Bulk, respec-
tively. The resulting electrostatic potential as function of
distance from GB/Bulk is schematically represented in both GB
and Bulk regions. The calculated number of holes (nh) and
nickel vacancies ðnV00

Ni
Þ normalized with respect to the total

number of available lattice sites (Nh and NV00
Ni
) is shown in

Fig. 5b (as black squares) as a function of distance from GB/
Bulk. Fig. 5b also shows the fraction of total number of
defects (as blue circles) between the GB/Bulk interface and the
given distance. From Fig. 5b, the following inferences can be
drawn: (a) At equilibrium, the majority of the nickel vacancies
are present in GB while Ni3+ ions are present in space charge
zone; (b) the majority of the point defects are present within
a distance less than that of lattice parameter (0.417 nm) from
GB/Bulk interface. The distribution of the concentration of
oxygen vacancies is not shown here as the concentration is
negligible.

The number of the Ni3+ ions are calculated for different grain
sizes (Bulk) using eqn (10). While calculating the number of
Ni3+ ions, the formation energy is kept constant (assumption
(b)). To maintain the charge neutrality, the number of nickel
vacancies would increase proportionally with the number of
holes. The electrostatic potential (f) required to attain
maximum volumetric density is more for holes than nickel
vacancies (eqn (10)). Any potential beyond that would not have
any practical meaning. Therefore, the potential at the GB/Bulk
interface (fmax) is chosen such that the maximum number of
nickel vacancies are present in GB. This would also result in the
maximum number of holes being accommodated in the chosen
grain size. The fmax is calculated from eqn (10) to be +0.5 V.
Using this value of fmax, the total charge in GB is calculated for
a xed GB size. According to the charge neutrality condition
shown in eqn (12) (QT: total charge in GB or Bulk), the total
charge in Bulk is negative of that in GB. This total charge in Bulk
is used to calculate the appropriate magnitude of the electro-
static potential in Bulk (fBulk).

QT(GB) + QT(Bulk) ¼ 0 (12)

Aer obtaining fmax and fBulk, the total number of holes are
calculated using eqn (12). The ratio of nickel and oxygen ions is
© 2022 The Author(s). Published by the Royal Society of Chemistry
then calculated based on eqn (3). This procedure is repeated for
all the grain sizes as observed in Fig. 1b. The percentage mole
fraction of Ni2+ as calculated from the model and as estimated
from XPS (Fig. 3a) are shown in Fig. 6. In Fig. 6, the Ni2+ mole
fraction is related to grain size, since in this work the stoichi-
ometry (i.e. the presence of Ni2+) is being related to the structure
(grain size) of nickel oxide. From Fig. 6 the calculated and the
estimated values show the same trend and agree well quanti-
tatively. However, the Ni2+ mole fractions calculated from the
model are slightly higher than those estimated from experi-
ments. The lower values of Ni2+ mole fractions estimated from
experiments (XPS) are most likely due to any possible surface
reconstruction of nickel oxide.52,53 Further, such a discrepancy
between these values can also be attributed to the assumptions
used in the model and any experimental errors. The results
obtained from XRD (Fig. 1b) and XPS (Fig. 3a) and those
observed from the model (Fig. 6) conrm the relation between
grain size and stoichiometry.

The present study investigates the interrelationships
between grain size, stoichiometry and specic capacitance in
a non-stoichiometric nickel oxide (NixO). The specic capaci-
tance increases with (i) a decrease in stoichiometry (or increase
in Ni3+ fraction) due to a possible formation of NiOOH and (ii)
lower grain size offering a possibly higher conductivity through
the increased grain boundary fraction. The relationship
between stoichiometry and grain size is described through
a proposed thermodynamic model. According to this model, an
increase in the Ni3+ fraction leads to that in V

00
Ni; which requires

a larger fraction of grain boundaries for its accommodation.
Thus, the decrease in the stoichiometry is related to a decrease
in the grain size. The results of the present study can be useful
in designing materials with enhanced specic capacitance.
4. Conclusions

The specic capacitance Cs can be inuenced by chemical and
structural changes in the material. In this work, the interrela-
tionships among chemical (stoichiometry), structural (grain
RSC Adv., 2022, 12, 8333–8344 | 8341
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size) features and charge storage capacity (Cs) are investigated
in nickel oxide. Non-stoichiometric nickel oxide (NixO) con-
taining Ni2+ and Ni3+ was synthesized by sol–gel method at 620,
720 and 920 �C using Ni(NO3)2$6H2O and citric acid. The grain
size, as estimated from powder X-ray diffraction (XRD),
increases from 55 to 194 nm with synthesis temperature. The
stoichiometry (i.e. Ni2+ mole fraction) was estimated from X-ray
photoelectron spectroscopy (XPS). The Ni2+ (or Ni3+) mole frac-
tion increases (or decreases) with the synthesis temperature.
The specic capacitances (Cs) of the NixO synthesized at all the
temperatures were estimated from cyclic voltammetry in 2 M
KOH within a potential range of �0.05 to +0.60 V vs.Hg/Hg2Cl2/
KCl (sat. in water). The Cs due to faradaic OH� adsorption
increases from 7.5 (in NixO synthesized at 920 �C) to 92.4 (in
NixO synthesized at 620 �C) F g�1 with (i) a decrease in grain
size, and (ii) a lower Ni2+ (or higher Ni3+) due to the possible
formation of NiOOH. To investigate the interrelationships
between the grain size and the stoichiometry a thermodynamic
model is developed. According to this model, the higher Ni3+

mole fraction requires a higher grain boundary fraction (lower
grain size) corroborating with the experimental results. This
increased grain boundary fraction accommodates the increased
concentration of nickel vacancies which arise due to the pres-
ence of Ni3+ while maintaining the overall charge neutrality of
the material. Thus, the interrelationships among stoichiometry,
grain size and specic capacitance are investigated in nickel
oxide.
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