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Abstract
Theurgent need to address fossil fuel challenges has led to a surge in green energy technologies,
including solar cells.Nanodimensional particles, particularly 2Dnanostructures, have showngreat
potential in these technologies due to their high surface area-to-volume ratio.Nickel oxide (NiO) is a
promising p-type semiconductor for solar cell photo-cathodes, offering remarkable physical and
chemical properties at a relatively low cost.However, its surfacemorphology, area, and pores have a
significant impact onperformance. Traditional chemical synthesismethods forNiOnanostructures
have several drawbacks, including the use of hazardous precursors. To address this, we present for the
first time anovel bioengineeringmethodusing bamboo shoot extract to produce 2DNiO
nanostructures. The results have been supported byDensity Functional Theory (DFT) calculations.
TheDFT calculations revealed thatNiO is a p-type semiconductorwith direct band gap for spin-down
atГ. The results show that the bioengineeredNiOnanostructures exhibit high crystallinity and a
honeycomb-likemorphology.We successfully integrated these nanoparticles into a dye-sensitized solar
cell (DSSC), demonstrating their viability as a counter electrode. The cell exhibits promising
performance,with a short-circuit current density of 0.113mA cm−2 and an efficiency of 0.0057%.This
studypresents a straightforward, cost-effective, and environmentally friendlymethod for bioengineer-
ingNiOhoneycomb-like nanostructures, thereby paving theway for sustainable energy solutions.

1. Introduction

Green energy technologies are thought of as an urgent solution in the bid to realize the carbon-zero target to
curb the challenges of fossil fuel usage [1]. Dye-sensitized solar cells (DSSCs) have attracted attention as a
promising renewable energy technology due to their low cost, simple procedures for their assembly, and having
a high efficiency compared to traditional silicon solar cells [2].

ADSSC comprises of aworking electrode (Photoanode—usually TiO2), dyemolecules (photosensitizer to
enhance solar absorption), a redox couple electrolyte (usually an iodide/triiodide, /I I3 solution), and a
counter electrode (photocathode- usually platinum, Pt) [2–4]. Research studies have been carried out on differ-
entDSSC components so as to improve on their performance. The counter electrode’s pivotal role is to collect
electrons from the external circuit and transfer them to the electrolyte so as to catalyze the redox reaction
leading to regeneration of the oxidized dyemolecules [3, 5, 6]. Platinum (Pt) boosts with a high electrical con-
ductivity of about 9.43×106 Sm−1 and catalytic properties, hence its significant application as a counter elec-
trode inDSSCs [6]. However, Pt’s high cost at about 4.6USDperm2 of a 5 nm-thick Pt film renders it expensive
for commercial DSSCproduction and thus the need for studies into its replacementmaterials [6].
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The use ofmetal oxide semiconductors such as titaniumdioxide (TiO2), tungsten trioxide (WO3), hematite
(α-Fe2O3), nickel oxide (NiO), zinc oxide (ZnO), and copper oxide (CuO) among others as photoelectrode
materials provides an exceptional reason forDSSCs being an eco-friendly and cost effectivemeans for conver-
sion of solar energy into electrical energy [2, 4].

P-type oxides, once used as counter electrodes, can act as efficient hole transport layers [5]. Nickel oxide
(NiO), a p-type semiconductor (S.C.)with a cubic crystal structure, has awide band gap (∼3.4–3.8 eV) and is
assigned to the charge transfer electronic transition of O p Ni d2 3 [7, 8]. It has good optical properties, elec-
trochemical stability, and is relatively low in cost, while also boasting excellent durability. These remarkable
physical and chemical properties have enabledNiO’s extensive application in green energy technology fields
such as supercapacitors, solar cell photocathodes, lithium-ion storage, photoelectrochemical devices, and cyto-
toxic activity, among others [9–11]. Itmust be noted, though, thatNiO’s performance is greatly dependent on
themorphology, surface area, and pore properties [12].

Several researchworks have been carried out onNiOnanoparticles (NPs) for these applications, growing
themvia chemical and biosynthesismechanisms, deriving different nanostructures. For instance,Hong et al
synthesizedNiONPs via thewet chemicalmethod realizing a sphericalmorphology [13],Wang et al developed
honeycomb-likeNiO via hydrothermal synthesis [14], Nagamuthu andRyu developedAg/NiOhoneycomb
structure via chemicalmethod [15], Ren et al synthesizedNiOmesoporous honeycomb-like structure via
hydrothermal synthesis [12], Iqbal et al synthesized agglomeratedNiONPs via green synthesis usingRhamnus
Virgata leaf extract [16], Barzinjy et al biosynthesizedNiOof a spherical shapewith the agglomerated cluster
using pomegranate juice extract [17], and Iqbal et al also biosynthesized spherically agglomeratedNiONPs
using freshRhamnus triquetra leaf extract [18].

Although different researchers have synthesizedNiOof the honeycomb-likemorphology via chemical
techniques, these techniques pose several disadvantages, including requiring the application of hazardous pre-
cursors, long reaction durations in synthesis, thus are relatively expensive due to the large energy used in the
process, in addition to requiring sophisticatedmethods for their achievement [8, 13]. Therefore, to reach global
carbon neutrality, there is a need for a simple and cost-effective synthesismethod [19, 20]. On the other hand,
biological techniques have been used to developNiONPs of a sphericalmorphology, though to the best of our
knowledge, none havemanaged to realize the honeycomb-likeNiOmorphology. In addition to the biosynthe-
sizedNiONPs, researchers have used different plant extracts like cloves (Syzygium Aromatic) extract [21], Ara-
bicGum [22], andC.Viminalis [23] for synthesizingNiONPs for biological applications. The phytochemical
constituents, like polyphenols and flavonoids in plant extracts, enable the reduction ofmetal ions intometal
oxideswith subsequent capping, preventing agglomeration. Bamboo shoots contain phytochemicals like phe-
nols, terpenoids, flavonoids, and vitamins essential formetal reduction in biosynthesis [24, 25], thus, their fresh
juice extract was used to biosynthesizeNiONPs for application as a photocathode inDSSC in this study. To
this, we study the various structural and optical properties of theNiONPs produced at different calcination
temperatures−300 °C, 400 °C, and 500 °C, and examine the performance of theNiOphotocathode in a setup
with TiO2 photoanode (TiO2-NiODSSC). For the theoretical studies, the structural, electronic, and optical
properties on spin-polarizedNiOhave been investigated using density functional theorywithHubbard correc-
tion (DFT+U).

2.Methods

2.1.Materials
2.1.1. Experimental section
Fresh Bamboo shoots were obtained from theMt. Elgon region in easternUganda.Nickel nitrate hexahydrate
(Ni(NO3)2 . 6H2O), ethanol (98%purity), hexachloroplatinic powder, iodide, polyethylene glycol (PEG),
Rutheniumdye (RuN719), Fluorine-doped tin oxide (FTO) glass substrate, and deionized (DI)waterwere
used. The chemicals were obtained fromSigmaAldrich suppliers and usedwith no further purification.

2.1.2. Theoretical section
The computational approach involved using the self-consistent planewave open source code in the quantum
ESPRESSOpackage, based on spin-polarised density functional theory (DFT) [26]. The generalised gradient
approximation (GGA) exchange–correlation functional, provided by Perdew, Burke, and Ernzerhof (PBE), was
employed, and norm-conserving pseudo potentials were utilised throughout the calculations for the ion-
electron interaction [27]. TheHUBBARDparametersU= 5 and 6 eVwere applied as a Coulomb correction
approach on the strongly correlated 3d orbitals ofNi, since they can give an improved description of the
electronic structure as reported in previous literature [28, 29]. The cutoffs of 70Ry and 280Ry for kinetic
energies and charge densities, respectively, were applied as a planewave basis. The conversion threshold for
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energies and forces was set to 4× 10−10 Ry and 0.001Ry/Bohr. TheMonhorst-PackK-pointsmesh of 7× 7× 7
and 14× 14× 14were sampled for structural optimization and electronic properties calculations. The optical
properties of the anti ferromagnetic (AFM)NiOwith strongly correlated 3d orbitals were correctly described by
(1) [30].

( ) ( )=+E E
U J

T
2

1GGA U GGA r

where J is the exchange energy (set at zero) and defines the spin ( )polarized on-site densitymatrix ofNi
atoms and theO-2s,O-2p,Ni-3d,Ni-3p, andNi-4swere taken as the valence electrons in all the calculations.

2.2. Synthesis of the photoelectrodes
2.2.1. Extraction of juice from bamboo shoots
Fresh Bamboo shoots were cleaned thoroughlywith distilledwater, cut into small pieces, and blended into
juice. 20 ml of the juicewas added to 200 ml of deionized (DI)water and heated at 80 °Cundermagnetic
stirring for 2 h. After cooling, the solutionwas sieved using aWhatmannumber 1 filter paper, obtaining a clear
solutionwhichwas then centrifuged for 30 min at 3000 rpm, separating any residues from the required extract
to get the plant extract solution for biosynthesis ofNiONPs.

2.2.2. Biosynthesis of NiO nanoparticles
4.0 g of nickel nitrate (Ni(NO3)2 . 6H2O)was introduced to 100 ml of the plant extract and set undermagnetic
stirring at 70 °C for 2 h. The solution showed a gradual color change frombrownish to dark green, indicating a
reaction between the plant extract and the precursor. The finalNiO solutionwas then dried in an oven at
110 °C for 12 h to obtain a powder, whichwas calcinated in a furnace at different temperatures of 300 °C,
400 °C, and 500 °C for 2 h each, giving the samples labeled asN1,N2, andN3, respectively, as shown in the
schematics of figure 1. It was observed that theNiONPs tend to differ in color, fromdark grey towards light
grey as calcination temperatures are increased from300 °C to 500 °C.

2.2.3. Fabricating the NiO photo-cathode
0.2 g ofNiONPpowderwas added to amixture of 0.15 g of polyethylene glycol (PEG), 2.5 ml of citric acid, and
2.5 ml of ethanol. Themixturewas sonicated for 3 h, spin-coated onto an FTOglass substrate at 2000 rpm for
30 s, and left to dry on a hot plate at 70 °C for 5 min. Coating and dryingwere repeated eight times to achieve a
desirable film thickness, whichwas then annealed at 400 °C for 2 h, obtaining theNiOphotocathode.

2.3. Characterization
The crystallinity investigations on the synthesized sampleswere done using an x-ray diffractometer
(SHIMADZUXRD7000)withCuKα irradiation atλ = 1.5406Å. The functional group analysis was carried

Figure 1.Aflow chart showing the biosynthesis process forNiONP.
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out using a Fourier transform infrared (FT-IR) spectrophotometer (SHIMADZU IRTracer-100) in the
400–4000 cm−1 wavenumber range. Scanning electronmicroscopy (SEM)using the ZEISS—Gemini 1was
carried out to establish the samples’morphology.Optical properties were studied using the diffused reflectance
(DR) spectrameasured using aUV–vis-NIR spectrophotometer (Cary 5000-modelDRA-2500) over a
200–1200 nmwavelength range. The photoluminescence (PL) emission studies were carried out at room
temperaturewith an excitationwavelength of 240 nm.

2.4.DSSC fabrication andperformance evaluation
0.50 g of commercial TiO2 powderwas added to amixture of 0.15 g of polyethylene glycol, 3 ml of glacial acetic
acid and 3ml ofDIwater to produce a paste that was sonicated for 3 h. The pastewas spin-coated (to eight
times) onto an FTO substrate and annealed at 400 °C for 2 h, obtaining the TiO2 photoanode. Pt was drop-
casted on the FTO substrate and annealed at 400 °C for 30 min to give the Pt counter electrode.

The iodide electrolyte was prepared bymixing 830.0mg of potassium iodide powderwith 27.0mg of I2
crystals in 10 ml of ethylene glycol under constant stirring for 30 min in the dark as described elsewhere
[31–33]. TheN719Rudye solutionwas prepared bymixing 10.0mg ofN710 dye powder in 15 ml of ethanol,
under stirring for 8 h.

TwoDSSC setupswere fabricated. TheTiO2-NiODSSC setup had a TiO2 photoanode as aworking elec-
trode and aNiO thin film as the counter electrode. In this setup, theTiO2 thin filmwas sensitized using the
N719 dye for 24 h, rinsedwithDIwater, and left to dry.Using alligator clips, the TiO2 andNiO thin filmswere
joined in a sandwich, and an iodide electrolyte was injected between them to complete theDSSC.

In a similar way, with a photosensitizedTiO2 thin film sandwichedwith a Pt counter electrode and an
iodide electrolyte injected between them, the TiO2-PtDSSC setupwas assembled.

To evaluate theDSSCs’ performance, the J-V characteristics of the cells were evaluated by testing an active
surface area of 0.25 cm2 scanning from−1V to+1V at 10 mV step potential. This was carried out in a Photo
Emission J-Vmeasurements setup using aKEITHLEY2450 SourceMeter under 100 mA cm−2 illumination
froma solar simulator (Ossilamodel, UK ltd).

Electrochemical impedance spectra (EIS) datawere obtained for theDSSCs using aDCof 10mVpotential
supplied using a Potentiostat (CORRTEST Instruments;Model: CS350M) at frequencies ranging from1MHz
to 0.1Hz. A 2-electrode configurationwas used to supply the potential, and the cells were illuminatedwith a
solar simulator at 100 mW cm−2 irradiance. The electrical resistanceswere characterized usingNyquist plots.

3. Results and discussion

3.1. Crystallinity investigations
TheXRDpatterns obtained for all NiONPs samples gave sharp peaks of 2θ at about 37°, 43°, 63°, 75o, and 79°
corresponding to (111), (200), (220), (311), and (222), respectively, as shown in figure 2. The patternsmatch
well with the JCPDS card number 73 of space group Fm m3 [34]. There is an observed peak shift to lower 2θ
valueswith increasing calcination temperature. The peak intensities increasewith increasing calcination
temperature, indicating that higher crystallinity increaseswith calcination temperature.

The lattice parameters were calculated using the observed values for the (200) plane using the interplanar
spacing (dhkl) for the cubic structure exhibited by theNiONP samples. Table 1 shows that the lattice parameter
a reduces as the calcination temperature increases, indicating a contraction along the axes under increased
temperature. These show a slight deviation from the standard value of the lattice parameter, a = 4.1770Å,
taken from the JCPDS card file data [35].

The Scherer formula shown in expression 2was used to calculate the average crystallite sizes for all theNiO
NP samples atmajor XRDpeaks [36, 37].

( )=D
0.9

cos
2

whereD is the crystallite size,β is the full width at halfmaximum (FWHM), and θ is the peak position. The
crystallite values in table 1 indicate that increased calcination temperature reduces crystal defects in the
NiONPs.

Themicrostrain, ε, of the sampleswas calculated using expression 3.

( )=
4 tan

3

whereβ is the FWHMand θ is the peak position [36, 38]. These showed reducingmicrostrainswith increasing
calcination temperatures as indicated in table 1.
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The dislocation densities, δ of the samples, were evaluated usingWilliamson and Smallman’s relation
[36–38] shown in expression 4, obtaining reduced dislocation densities with increased calcination temperature
as indicated in table 1.

( )=
D

1
4

2

3.2. Functional group analysis
All samples exhibited compound-specific peaks forNi-O stretching in the fingerprint region at about
419.00 cm−1, and 986.86 cm−1 for sampleN1, at 405.27 cm−1, 625.56 cm−1, and 971.85 cm−1 for sampleN2,
and at 415.28 cm−1, 605.53 cm−1, and 971.85 cm−1 for sampleN3 as shown in figure 3. The presence of theNi-
O stretching indicates that crystallinity in the synthesizedNiONPswas achieved,matchingwell with theXRD
results. There is a possibility of the presence of the SP3C-O stretch in all samples shown at 1094.51 cm−1 forN1,
and at 1079.49 cm−1 for both samplesN2 andN3. An SP2C-O functional group is also present at a vibrational
mode of 1363.20 cm−1 forN1, 1377.38 cm−1 forN2, and 1372.38 cm−1 forN3. SampleN1 has a carbon–
oxygen double bond (C=O) at 1671.10 cm−1, while samplesN2 andN3 exhibited carbon–carbon double
bonds (C=C) at 1646.07 cm−1 and 1641.90 cm−1, respectively. All samples showed the existence of carbonized
hydrogen stretches of Sp3C-H at 2819.27 cm−1, 2814.27 cm−1, and 2828.46 cm−1. SamplesN2 andN3 also
exhibited the presence of hydrogen stretches of theO-Hgroup in the vibrational region of
3669.57 cm−1—2931.09 cm−1, which is absent in sampleN1. This suggests that for application inDSSCs,NiO
NPs should be calcined to temperatures above 300 °C for the appropriate functional group to enable the
transition of electrons in the photoelectrode semiconductor. The presence of these functional groups showed
thatNiONPs interactedwith proteins from the Bamboo shoot extract, verifying that the bioactive compounds
led to the reduction and capping ofNiONPs.

3.3. Surfacemorphology studies
The SEM images showhoneycomb-likemorphology for theNiONPs, as in figure 4. A soft topography is
evident as shown in figures 4(a) and (b) forN1 andN2 samples, respectively. In figure 4(c), amesoporous
honeycomb-likemorphology indicates agglomeration ofNiONPs inN3 due to increased calcination
temperature.

Figure 2.XRDpatterns for biosynthesizedNiONPs calcined at different temperatures, with JCPDS standard spectra forNiO.

Table 1.Average crystallite properties for theNiONP samples.

Sample

Interplanar spacing,

dhkl (Å)[ ]=dhkl 2 sin

Lattice parameter, a (Å)
[ ( )= + +a d h k lhkl

2 2 2 ]
Crystallite

size, D (nm)
Microstrain, ε
(×10−3)

Dislocation den-

sity,σ (nm−2)

N1 1.6930 4.1873 13.9383 5.6171 0.0054

N2 1.6928 4.1867 18.8353 4.0100 0.0028

N3 1.6922 4.1853 21.0170 3.5838 0.0023
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3.4. Electrical and optical properties studies
3.4.1. Photolumenescence (PL)
The strong response to PL shown in figure 5 shows that the honeycomb-likeNiONPs are good visible light
emitters at room temperature [39]. The PL intensity increases as the calcination temperature is increased. The
strong emission band peaks, however, occur at different wavelengths as observed at 432.0533 nm for theN1

Figure 3. FT-IR spectra for the synthesizedNiONPs.

Figure 4. SEM images forNiONPs calcined at different temperatures (a) 300 °C (N1), (b) 400 °C (N2), and (c) 500 °C (N3).
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sample shown in figure 5(a), 427.8510 nm forN2 shown in figure 5(b), and 437.2079 nm forN3 sample shown
in figure 5(c). This shows that there exists a blue and red-shift in the peak positions, that is attributed to the self-
trapped exciton from electron–hole recombinationwhich also indicates that theNiO latticess in the samples
have oxygen vacancies [39, 40].

3.4.2. Absorbance and optical band energies
The reflectance spectra reduces towards the shorter wavelength region (350–300 nm), showing a blue shift (UV
region) in absorption exhibited by the synthesizedNiONPs [13] as shown in figure 6(a). In this regard, all
samples are observed to have an absorption edge at around 335 nm. It is observed that the reflectance increases
with an increase in calcination temperature.

Using theKubelka–Munk function F(R) in expressions 5 and 6, the absorbancewas estimated, and from
Expression 4, the spectra are shown in the inset of figure 6(a).

Tauc plotswere drawnusing Expression 5 to estimate the band gap of the biosynthesizedNiONP samples.

( ) ( ) ( )= = =F R
k

s

R

R

Absorption coefficient

Scattering coefficient

1

2
5

2

( ( ) ) ( ) ( )=F R h A h E 6n
g

where R is the percentage reflectance obtained from theDRSdata, n is the type of optical transition. In this
study, an allowed direct band gap (n= 2)was used. A is the proportionality constant, h is Planck’s constant, ν is
the Photons frequency, andEg is the band gap [41], established using the linear fitmethod ofORIGIN software.

From the Tauc plots in figures 6(b), (c), and (d), band gap energies of 3.51 eV, 3.48 eV, and 3.43 eVwere
obtained for samplesN1,N2, andN3, respectively. This showed that the band gap energies decreasedwith an
increase in calcination temperature, which aligns well with the particle size variations established from theXRD
results.

Figure 5.PL spectra for the biosynthesizedNiONPs (a)N1, (b)N2, and (c)N3 samples.
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3.5.DSSC J-Vperformance tests
Fromfigures 7(a) and (b), the highest short-circuit current (Jsc) of 2.05 mA cm−2 from the TiO2-Pt cell setup
was determined, whereas acurrent density of 0.113 mA cm−2 was determined for the TiO2-NiO cell setup. The
open-circuit voltages (Voc) of 194.54mVand 466.07mV for the TiO2-NiO andTiO2-Pt cell setups, respectively
were determined. Themaximumpower densities (Pmax) fromboth cells, are shown in table 2. The the fill factor
(FF) and efficiency (η) values for both cells were calculated using expressions described by Sharma et al [42],
obtaining values shown in table 2.

The results indicate thatNiOhas potential for application as a counter electrode. Themesoporous honey-
comb-likemorphology exhibited inNiOprovided a substantial surface area and pore volume, enabling the
NiO electrode to havemore contact with the iodide electrolyte, which facilitated ion diffusion at the counter
electrode end of theDSSC.

The performance in the TiO2-Pt is attributed to Pt’s high conductivity and catalytic activity, which
enhanced theDSSCperformance compared to theTiO2-NiO cell architecturewithNiO as a counter-electrode.

A comparison of the findings with other novel research findings obtained from chemical and biosynthesis
techniques indicates a relatively low performance from this study on theNiO counter electrode, but sig-
nificantly higher compared to the performance of the biosynthesizedCuO-based counter electrode, as shown
in table 3.

3.6. Charge transport properties
The series resistance, RS at the counter electrode/FTO interface, the charge transfer resistance, RCT at the
counter electrode/redox electrolyte interface, and the equivalent circuit capacitancewere obtained using the
potentiostat’s data analysis (CS Studio6) software.

The resistance to charge transport at the Pt/FTO interface is represented by theNyquist plot shown in
figure 8(a). It is a semicircle whose trendmatcheswell those obtained byMujahid andAl-Hartomy [47]

Figure 6. (a)Reflectance spectra with corresponding inset absorbance spectra for theNiONPs synthesized at different calcination
temperatures, (b)Tauc plot forN1, (c)Tauc plot forN2, and (d)Tauc plot forN3.
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indicating a series connection of the series resistance, RS, to a parallel connection of charge transfer resistance at
the electrolyte/Pt/FTO interfaces, RCT, and a capacitance, C. The equivalent circuit is shown in the inset
figure 8(a). The resistances are summarised in table 4. The resistance to charge transport at the TiO2-NiO inter-
face is represented by theNyquist plot shown in figure 8(b). The equivalent circuit is shown in the inset of
figure 8(b). Its trendmatcheswell with those reported by Etefa et al [46] andChen et al [45]. TheRCT forNiO as
a counter electrode in the TiO2-NiODSSCwas found to be 4.956×104 Ωcm2, which ismuch higher than that
obtained for the Pt counter electrode in the TiO2-PtDSSC (1205 Ωcm2). The lower resistance obtained in the
TiO2-Pt cell correlates well with the good solar cell efficience in the Pt counter electrode compared to theNiO
counter electrode. The poor performace in theNiO-TiO2DSSC can be attributedto the charge recombination
effects in theNiOnanostructure orweak bonding between theNiO and the FTO substrate [45]. However, the
series resistance Rs in theNiO-TiO2DSSC setup (41.78 Ωcm2) is relatively small compared to that in the Pt-
TiO2 counter electrode cell setup (64.07 Ωcm2). The experiemental values are are in agreement towhatwas
reported byCheng et al [47], demonstrating thatNiOhas the potential to serve as a counter electrode inDSSCs.
The performance in theNiO-TiO2DSSC can be improved by doppingwith an alkaline-earthmetal [48].

3.7.DFT studies
3.7.1. Ground state structural properties
Figure 9(a) shows the lattice structure ofNiOwith FCCFm-3mgeometry inwhich the four oxygen (O) atoms
are bonded to fourNickel (Ni) atoms, and the experimental lattice parameters for a primitive unit cell are
a= b= c= 4.1853Å. Figure 9(b) illustrates the variation of Total energy and lattice parameter ofNiO at
different optimization forDFTwith andwithoutHubbard correction. The optimized lattice parameters were
4.1289, 4.1874, and 4.1933Å forUd = 0, 5, and 6 eV, respectively, with−368.1843,−368.1173, and−368.1074
Ry as corresponding total energies. The standardDFTunderestimated the lattice parameterwith 1.35% error as
compared to our reported experimental value. This was greatly attributed to the failure of standardDFTbased
on the norm-conserving pseudo potentials, which are commonly known for underestimating the bond length
in highly correlatedmaterials such asNiO.However, on inclusion of theHUBBARDparameterU= 5 eV to the
3d-orbitals ofNi, the prediction of lattice parameter was improved tomatch the experimental value and then
overestimated by 0.19% forUd = 6 eV. This is in good agreementwith the previousworks onNiO, inwhich it
was noted thatGGA-PBE+Ucorrects the physical description of the structural parameters in the range of
4.17–4.20Å.

3.7.2. Ground state electronic properties
The spin-resolved band structures and projected density of states (PDOS)were calculated on the intrinsicNiO
to reveal its physical properties, as shown in figure 10. The band structureswere all computed along the high

Figure 7.DSSCperformances (a) the J-V characteristic of TiO2-NiOwith the corresponding power density, (b) the J-V characteristic
for TiO2-Ptwith its power density.

Table 2.DSSCPerformance of the two setups.

Cell Setup Counter electrode Jsc (mAcm−2) Voc (mV) Pmax (mWcm−2) Fill Factor, FF η (%)

TiO2-NiO NiO 0.113 194.54 0.0057 0.259 0.0057

TiO2-Pt Pt 2.05 466.07 0.3616 0.378 0.3616
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Table 3.Acomparison of the performance of bioengineeredNiO counter electrodeswith other counter electrodes and their synthesis with the respective realizedmorphologies inDSSCs.

Counter Electrode Synthesismethod Morphology Jsc (mAcm−2) Voc (V) Fill factor, FF η (%) References

NiO Bio-engineering and spin coating Honeycomb-like 0.113 0.1945 0.259 0.0057 This work

Pt 2.050 0.4661 0.3616 0.3780 This work

α-Fe2O3 Green synthesis and drop casting Nanoflakes 7.000 0.3890 0.7530 2.0500 [43]
CuO Green synthesis and drop casting 0.00018 0.1700 0.00018 [32]
NiO Chemical BathDeposition Porous honeycomb-like 0.016 0.5500 0.0200 [44]
Pt 0.024 0.35 0.0100 [44]
P-NiO Solvothermal Flower-like nanosheets 15.830 0.7700 0.650 7.9500 [45]
NiO Hydrothermal Spherical nanoparticles 0.480 0.4600 0.342 0.7500 [46]
Nickel ntroprusside Chemical technique andDoctor blade deposition Cracked homogeneous nanoparticles 11.000 0.5300 0.455 2.6500 [6]
Pt 14.470 0.635 0.692 6.37 [6]
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symmetry path ofГ-X-W-K-Г-L-U-W for both themajority andminority spins ( and ). TheGGA-PBE gave a
metallic prediction of theNiO inwhichNi-d andO-2p bands overlap and cross the Fermi level for both spins,
giving awrong band gap of 0 eV. This agreeswith other studies onNiO, inwhich standardDFTnotably gives an
incorrect interpretation of its electronic structure as ametal with no band gap [29]. This is likely caused by the
DFT’s failure to deal with the strong electron correlations in the partially filledNi-3d states. The standardDFT
overdelocalizes these states, falsely predicting reduced on-site Coulombic repulsions, incorrectly positioning
the orbitals around the Fermi level, thus significantly underestimating the band gap.

The addition of the on-siteHubbard correction (U) onto theNi-3d states separates the upper from the
lowerHubbard states, exposing a gap around the Fermi level. The filled and emptyNi-3d states are effectively
shifted towards lower and higher energies, respectively, widening the band gap. ForUd = 5 eV, the top of the
V.B. at−1.79 eV and bottomof theC.B. at 1.01 eV are both occurring at zone centre (Г) for the spin down ( )
giving a direct optical band gap of 2.80 eV from the energy difference. In comparisonwith the PDOS, theO-2p
states dominate the top ofV.B. with little contribution from theNi-3d states, and the bottomofC.B. is greatly
dominated by theNi-3d empty states for spin-down. Thus, the electron transit fromO-2p states in theV.B. to
theNi-3d states, since electron transitions due to photons inAFMmaterial likeNiOoccurwithin the same spin
states. But the hybridization between theO-2p andNi-3d states in theV.B. also predicts a small degree of

Figure 8.EISNyquist plots with corresponding equivalent circuits (inset); (a)TiO2-Pt and (b)TiO2-NiO.

Figure 9. Shows (a) the unit cell ofNiO and (b) the optimized lattice parameter forUd= 0, 5, and 6 eV.

Table 4.EIS data on the TiO2-Pt and the TiO2-NiODSSCs.

DSSC Setup RS (Ωcm2) RCT (Ωcm2) C (F cm−2)

TiO2-Pt 64.07 1205.00 2.688× 10−5

TiO2-NiO 41.78 4.956× 104 8.211× 10−6
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covalency inNiO, as predicted by other studies. On the other hand, the up spin ( ) PDOS shows that the filled
Ni-4s states contribute heavily at the bottomof theC.B., withO-2p states dominant at the top of theV.B. This
transition is not possible since theNi-4s orbitals are full; thus, the only possible electron transitions arewithin
the spin-down states.

However, the predicted band gap of 2.80 eV forUd = 5 eVwas still slightly underestimated compared to the
experimental value (Eg= 3.43 eV); hence, taking a higher value ofUd (6 eV) gave a better band gap of 3.24 eV.
Increasing theUd value to 6 eV further shifted the top of V.B. to−1.48 eV closer to the Fermi level, whereas the
bottomofC.B. was shifted to 1.76 eV away from the Fermi level. This prediction reveals the p-type character of
NiO, thus correcting the n-type prediction atUd = 5 eV. The corresponding spin-polarized PDOS indicates a
further reduction in the hybrization between the oxygen 2p andNickel 3d states at the top of theV.B. It is
reported that the band gap increaseswithUd from0 to 10 eV; however, atUd > eV6 , theNi-3d states are
depleted, leaving the top of V.B. withmajorly onlyO-2p states [28]. This prediction ofNiO as purely a charge
transfermaterial disagreeswith the experimental data referred to as aMott insulator, thus a computational
limitation.

3.7.3. The dielectric function
The optical properties study reveals the interaction betweenmaterials and theUV-visible-infrared radiations.
The dielectric function gives the linear behaviour of theNiOmaterial when exposed to these electromagnetic
radiations [49]. It is a complex function composed of real ( 1(w)) and imaginary ( 2(w))parts as shown in (7).

( ) ( ) ( ) ( )= +w w i w 71 2

The other optical properties, such as refractive index ( ( )n w ) and absorption coefficient ( ( ))w were calculated
using equations (8) and (9).

( ) | ( )| | ( ) | ( ) ( )=
+ +

n w
w w w

2
81

2
2

2
1

( ) | ( )| | ( ) | ( ) ( )=
+

w
w

c

w w w

2
91

2
2

2
1

Figures 11(a) and (b) show the spectra of the 1(w) and 2(w)up to a photon energy of 12.0 eV along the xx,
yy, and zz directions, demonstrating the anisotropic behaviour of theAFMNiO. The 1(w) exhibited a promi-
nent peak at 3.22 eV, possibly due to a strong polarisation response. Beyond 4.0 eV, it significantly drops below
zero, suggestingmetallic behaviour, and beyond 6.0 eV, it remains almost constant, showingminimal dielectric
response. The 2(w) exhibited a strong energy peak around 3.30 eV, which corresponds to an electron trans-
ition from theO-2p filled orbitals within theV.B. to theC.B.Ni-3d empty orbitals, as shown in the PDOS.

Figure 10.The calculated spin-polarized band structures of AFMNiO atUd= 0, 5, and 6 eV and their corresponding projected
density of states with the Fermi level set at zero.
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Othermultiple peakswere observed at higher energies, indicating additional allowed electron transitions deep
within the energy bands, as shown in figure 11(b).

Figure 11(c), the refractive index significantly increased in theUV region, peaking at around 400 nm in the
Violet andUV region up to amagnitude n 8. However, onwards the refractive index dropped sharply
through the violet to the blue light and almost levels off around the red up to the infra-red light. This trend
suggests optical transparency at longerwavelengths, followed by intense light–matter interaction close to the
band edge. The absorption coefficient in figure 11(d) also exhibits sharp absorption edges in theUV region,
withα >108 cm−1, indicating effective photon absorption at energies higher than the bandgap. At longerwave-
lengths (wavelengths> 400), absorption decreases to almost zero, suggesting that there areminimal optical
losses in the visible-NIR spectrum. This strongly agreeswith our experimental results on PL and absorption
taking place in theUV region (see figures 5 and 6) and previous computational works onNiO [49, 50]. The
small anisotropies in all optical parameters in the x, y, and z directions could be caused by lattice distortions due
to its inherent anti-ferromagnetic ordering and electronic correlation effects in theDFT+U framework [51]. A
prospective contender for optoelectronic, photocatalytic, and photovoltaic applications, our results demon-
strate thatNiO combines substantial UV light absorptionwith good optical transparency in the visible–NIR
range.

4. Conclusions and furtherwork

NiONPswere biosynthesized using Bamboo shoot juice plant extract as a capping and reducing agent. The
XRD showed highly crystallineNiOwas obtainedwith a cubic FCC structure and aNi-Obonding on the FT-IR
spectra, showing plant protein interactionwithNickel nitrate, reducing it toNiONPs. The SEM images show
that a soft honeycomb-likemorphologywas successfully realized in the study. The synthesizedNiONPs had an
optical response to Photoluminescence and showed absorbance ofUV region light, realizing reduced band gap
energies with increased calcination temperatures.

Figure 11. Shows the (a) real ( 1(w)) and (b) imaginary ( 2(w)) parts of the dielectric function, (c) refractive index spectra, and (d)
absorption coefficient of theAFMNiO.
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Though the n-pDSSC (TiO2-NiO) performance is lower than that of the n-DSSC (TiO2-Pt)DSSC, devel-
oping compositematerials and doping ofNiOwith alkaline-earthmetal can improve its performance as a
counter electrode.

The honeycomb-like structure developed in this study can also be tested for symmetrical supercapacitor
applications as a positive electrode. Further, the effect of precursormolar concentrations and pHvariations on
theNiONPs’morphology using bamboo shoot extract can be studied.

TheDFT calculated lattice parameters using on-siteHubbard correctionwere in agrrementwith exper-
imental values. Further, theDFT calculations on the electronic properties revealed the p-type semiconductor of
NiO, of direct band gap atГ for spin-down, in agreementwith experimental value. The projected density of states
revealed that theNi-4s dominates the spin-upC.B.minima and theNi-3d dominates the spin-downC.B.
minima,while theO-2p states dominate theV.B.maxima for both spins.NiO exhibited optical anisotropicwith
an absorption edge at 400 nm, depicting lowoptical losses in the visible-NIR spectrum.This optical anisotropy
property is attributed toNiOexhibiting anti ferromagnetic ordering andDFT+Uelectronic correlation effects.

Although lattice parameters were successfully captured byDFT+U, the band gapwas still underestimated,
suggesting thatmany-body perturbation theory (GW) ormore advanced functional such as hybrid, need to be
explored to further improve the electronic interpretations.
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