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ABSTRACT

Producing pure H> and O to sustain the renewable energy sources with minimal environmental

damage is a key objective of photo/electrochemical water-splitting research. Metallic Ni-based

electrocatalysts are expensive and eco-hazardous. This has rendered the replacement or

reduction of Ni content in Ni-based electrocatalysts a decisive criterion in the development of

bifunctional electrocatalytic materials. In the current study, spinel/ilmenite composite nickel

titanate (NTO) nanofibers were synthesised using sol-gel assisted electrospinning followed by

pyrolysis at different soaking temperatures (viz., 773, 973, and 1173 K). The presence of

defective spinel NTO phase (SNTO) distributed uniformly along the nanofibers was confirmed

by X-ray photoelectron and Raman spectroscopy. The electron micrographs revealed the

morphological change of NTO nanofibers from mosaic to bamboo structure with increase in

pyrolysis soaking temperature. The electrocatalytic activity of NTO nanofibers obtained at

different pyrolysis soaking temperatures for alkaline water-splitting was studied. The highly

defective SNTO manifests properties similar to the metallic Ni and favours H, evolution

through hydrogen evolution reaction (HER) by adsorbing more H' ions on active sites. In

contrast, the ilmenite NTO favours O, discharge. These results are explained based on the

morphology of the NTO nanofibers. The mosaic structure which has higher porosity and



greater SNTO content shows excellent HER performance. On the contrary, the large bamboo

structured NTO nanofibers which has lesser porosity and SNTO content, cage the bigger

(OH)a.gs 10ns at its catalytic sites to facilitate OER performance.

Keywords: Electrospinning, nickel titanate, spinel, electrocatalyst, density functional theory



1. INTRODUCTION

The global demand for clean and renewable energy technologies has increased extensively

during the last few decades. In this context, hydrogen is being looked upon as the energy

alternative for the next century. Water electrolysis is one of the greener and cleaner ways for

the large scale production of H» gas, scoring over other industrial methods such as hydrolysis

via metal hydrides or steam reforming of hydrocarbons.! However, water electrolysis is more

efficient in acidic conditions for hydrogen evolution reaction (HER) and alkaline condition for

oxygen evolution reaction (OER).>?® The downside is that these involve the use of precious

noble metals as electrocatalysts, such as Pt-based material for HER and Ru- or Ir-based material

for OER.>* The efficient, economical, and eco-friendly electrocatalyst is a vital prerequisite

for water-splitting technology. Several efforts have been directed in recent times towards

replacing these materials with transition metal-based materials.” Among these, Ni-based

materials have especially emerged as promising candidates for both electrocatalyst and

photocatalyst applications.®’

In the fields of electrocatalysis and photocatalysis, Ni-based materials have gained

increasing attention for their bifunctional electrocatalytic activity. In other words, they can

simultaneously catalyse HER and OER in the same media, which helps in obtaining improved
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water-splitting efficiency and cost-effective large scale H» production.®® Besides, multiple

adsorption/desorption processes that occur during electrolysis can be synchronized by using

heterostructures of Ni-based materials, thereby forming more active catalytic sites. Many Ni-

based heterostructures have been explored in literature for their applicability as

electrocatalysts® as well as photocatalysts’, such as Ni-W alloy'?, Co-Ni-graphene composite'!,

Ni(OH)2/Ni!2, NiTiOs/Ni'3, NiO/TiO,'*. However, these materials as electrocatalysts have

some drawbacks such as high overpotential or are based on metallic Ni. Metallic Ni being

expensive and easily vulnerable to environment hazards, an alternative idea is to use highly

defective oxides, which inherit semi-metallic properties.

In this work, we explore the use of polymorph nickel titanate (NTO) as electrocatalyst

without compromising the efficiency of HER and OER kinetics attainable by metallic Ni-based

systems. Nickel titanate (NTO) heterostructures are known to exhibit superlative performance

t13716

as electrocatalys , in addition to their photocatalytic performance for water-splitting

1719 Herein, we report the fabrication of a composite electrode containing the

applications.
polymorph NTO phases having different crystal structures, namely ilmenite (INTO, NiTiO3)

and spinel (SNTO, NizTio.6904). The synthesis and exclusive formation of polymorph NTO

nanofibers from sol-gel assisted electrospinning followed by pyrolysis has been reported in our



previous study.?’ The band gap of the material, especially in heterostructures, determine the
kinetic of photo/electrochemical reactions for which such systems are used.'®!**!2* Hence, it
is very important to understand the excitation dynamics in the band structure, that produces
electron-hole pair. Some previous studies have focused on modelling the stable and distorted
crystal structure of INTO using density functional theory (DFT), and its consequent effects on
the electronic, structural, optical, and vibrational peculiarities of INTO.2*26 However, to our
knowledge no attempts have been made to understand such features in the highly defective and
non-stochiometric SNTO. In present study, we have used DFT to analyse the electronic and
optical properties of SNTO, and then compare with those of INTO. Besides, using suitable
structural characterization techniques and electrochemical studies, the possible mechanisms

responsible for improved electrocatalytic efficiency of polymorph NTO are discussed.

2. MATERIALS AND METHODS
Potassium hydroxide (KOH) pellets were purchased from Nice Chemicals, India.
Poly(vinylidene fluoride) (PVDF, E = 575 kg'mol™!) was procured from Prakash Chemical

Private Limited, India. N, N- dimethylformamide (DMF) was bought from Sisco Research

Laboratories Private Limited, India. Commercial Platinum on graphitized carbon (Pt/C,



20 wt.% Pt loading on Vulcan XC 72 of Pt particle size < 5 nm) and commercial Ruthenium

(IV) oxide (RuO., assay 99.9%) powders were procured from Sigma-Aldrich, India. No

additional purification was done for these chemicals (assay > 99%). Graphite rods to prepare

working electrodes (WE) were procured from Speciality Graphites, India. The synthesis of

NTO nanofibers are explained in detail elsewhere.?’ In brief, the precursor nanofibers are

developed from sol-gel assisted electrospinning for optimal process parameters. Later, these

electrospun precursor nanofibers were pyrolyzed on a quartz plate in Muffle furnace at three

different pyrolysis temperatures, 7 (viz. 773, 973, and 1173 K) for 2 h an then annealed to

obtain NTO nanofibers.

A field emission scanning electron microscope (FESEM, ULTRA 55, Gemini, Carl

Zeiss, Germany) was used to obtain the micrographs of the NTO nanofibers. The average

diameter of the fibre (AFD) and its standard deviation (SD) were estimated from FESEM

micrographs. The approximate elemental composition at the selected area on the nanofibers

was obtained using energy dispersive spectrometer (EDS, X-Max, Oxford instruments, UK).

To record and analyse the morphology of nanoparticles, high-resolution images of lattice

fringes of polycrystalline NTO nanofibers were obtained by selected area diffraction (SAED)



on a transmission electron microscope (HRTEM, JEM 2100, JEOL, USA), operating at

accelerating voltage of 200 keV.

The diffuse reflectance absorption spectra were acquired using UV-vis-NIR

spectrometer (3600+, Hitachi, Japan) in the wavenumber range of 5000 to 50,000 cm™. To

determine the Raman shift of NTO nanofibers obtained at different pyrolysis soaking

temperature, Raman spectrometer (LabRAM HR, Horiba, Japan) was used. The Raman

spectrometer used was equipped with laser source of power 28 mW and a wavelength of

532 nm. The Raman spectra were acquired in the wavenumber range of 50 to 1600 cm™. The

photoluminescence (PL) emissions spectra of NTO nanofibers were recorded using PL

spectrometer (Fluoromax-4 Spectrofluorometer, Horiba, France) excited with 325 nm photon

in the wavenumber range of 16,000 to 29,000 cm™.

In order to understand the intermediate band-gap and optical characteristics of INTO

and SNTO, first-principles density functional theory (DFT) calculations were carried out using

projector augmented wave method implemented in Vienna ab-initio simulation package

(VASP). Generalized gradient approximation (GGA) under Perdew—Burke—Ernzerhof

parametrization (PBE) was used for treating the exchange—correlation potential. However, this

alone does not remove the ambiguity of electron self-interaction term in DFT. Hence, to
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prevent unwanted delocalized d- and f-electrons, onsite Coulomb interaction correction was

introduced using GGA+U method.?*?” A grid of 7x7x7 Monkhorst Pack k-points was used

for reciprocal space sampling. The wave functions were expanded in the plane wave basis with

a sufficiently large kinetic energy cut-off of 500 eV. Hellmann—Feynman theorem was used to

calculate the forces on each atom. Subsequently, these were used to perform a conjugate

gradient structural relaxation until the forces on the atoms reduced to less than 1 meV-A™!. The

electronic band structure and density of sates (DOS) of INTO and SNTO were investigated

when their respective unit cells were having optimized structure with minimum total

energy. Finally, the optical conductivity was calculated within a range of 0-50 eV using random

phase approximation.

To determine the valence states of the elements, present in NTO nanofibers, X-ray

photoelectron spectrometer (XPS, K-Alpha, Thermo Scientific, USA) was used. A

monochromatic Al K, radiation (1486.6 eV) was employed to obtain survey spectra in the

range 0 to 1350 eV with pass energy of 200 eV for NCO nanofibers. To record the high-

resolution spectra for Ni 2p, Ti 2p, and O Is, a pass energy of 50 eV was used. For each sample,

10 scans were performed, the C 1s line at 285.0 eV was used as a reference to measure the

binding energies of elements at a precision of £0.1 eV. The samples were examined at a spot



size P400 um and the photoelectrons were collected at 90° with respect to the sample surface.

The operating base pressure was around 2 x 108 mbar in the XPS chamber. The depth profiling

was carried out to understand the distribution of different ions within NTO nanofibers obtained

at pyrolysis soaking temperature of 773 K. During depth profiling, the Ar" ion bean was

sputtered for 25 s to sputter away the sample and attain a new surface at each depth. The

deconvolution of the high-resolution XPS spectra of all the elements for each sample was done

using Origin software (2016, OriginLab, USA).

The graphite electrodes were modified to fabricate WE (i.e. GE) as follows: one end of

the rod was glassy polished, whereas, the other end was soldered with insulated wire circuit

connections. The electrode was sealed on the side walls as well as circuit connection ends using

Teflon tape to have no current or electrolyte leak. The polished end was sonicated in ethanol

for an hour and then dried. The electrocatalyst ink having a concentration of 10 mg-mL"' NTO

nanofibers and 0.1 mg-mL"! of carbon black (to improve adhesiveness) was prepared by

dispersing them in ethanol by ultrasonication for an hour. Similarly, the control GE was

prepared without NTO nanofibers. Later, 1 mL of this electrocatalyst ink was pipetted on the

polished surface of the GE and dried in air. After the coated surface is completely dried, 10 pLL

of 0.5% PVDF solution on DMF was loaded to keep the NTO nanofiber/carbon black deposit
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in position. The GEs were prepared from NTO nanofibers obtained at pyrolysis soaking

temperatures, 773 K, 973 K, and 1173 K.

The electrochemical measurements were performed on an electrochemical workstation

(VersaSTAT 3, Ametek Scientific Instruments, USA) with a three-electrode cell set up as

shown in Figure 1. The cell comprises GE coated with electrocatalyst as WE (effective surface

area = 100 mm?), a platinum foil of same surface area as counter electrode (C), and a saturated

calomel electrode (SCE) as a reference electrode (R). The SCE was connected through the

Luggin’s capillary with Agar-KCl salt bridge, to eliminate the error due to Ohmic drop. The

GE were submerged for an hour in the electrolyte (N, saturated 1 M KOH) before

electrochemical studies, to attain equilibrium. The alkaline water electrolysis efficiency of

NTO nanofibers obtained at different pyrolysis temperature were analysed using cyclic

voltammetry (CV) and chronopotentiometry (CP) techniques and monitoring the HER and

OER kinetics. It must be noted that NTO has natural photocatalytic properties due to its wide

range of band-gaps in visible light region. Hence, all the electrochemical measurements were

made in the same timeline of 3:00 to 5:00 PM as per Indian standard time, in a closed room

environment under a fluorescent lamp.
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3. RESULTS AND DICUSSION

3.1.Structural and Stoichiometry characterisation

The FESEM-EDS images (Figure S2, ESI) unveils the morphology, structure and selected area

stoichiometry of the NTO nanofibers. The mosaic structured NTO nanofibers possesses higher

surface area and porosity at lower pyrolysis temperature (at T = 773 K, surface area = 166.7

m?-g’!, Ref. [20]) that promotes the diffusion of electrolytes, whereas the bamboo structured

NTO nanofibers obtained at 1173 K (surface area = 22.91 m?-g!, Ref. [20]) enable fast charge

transfer during electrocatalysis. The molar ratio of Ni/Ti (~ 2.2) from EDS spectra suggests the

non-stoichiometric phase present in the system. The mechanism for formation of this defective

phase (i.e. SNTO) has been discussed in detail elsewhere.?’ It must be noted that apart from

point defects, dislocations in the crystallite act as active sites for electrochemical reactions. The

crystallite sizes (D) of both INTO and STNO present in the nanofibers were calculated by

the XRD pattern via Williamson-Hall plot.** The crystallite size thus estimated was used to

calculate the dislocation density (& ) in NTO nanofibers by following equation: %%’
n
= 0
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where n is a factor (n =1 for minimum dislocation density). The dislocation densities for
INTO and SNTO of nanofibers obtained for different pyrolysis temperature are tabulated in
Table 1. The & decreases with increase in pyrolysis soaking temperature. This influences the
electrochemical reactions, because the charge transfer resistance decreases with increase in &
3% This suggests that samples obtained at 773 K are more active for electrolysis. TEM images
of NTO nanofibers obtained at different pyrolysis temperature are shown in Figure 2. The NTO
grains obtained from pyrolysis at 773 K (Figure 2a) are loosely packed in contrast to the dense
grains obtained at higher pyrolysis temperature (973 K and 1173 K, Figure 2b, ¢). Figure 2 also
reveals the polycrystalline nature of the NTO grains as seen from SAED patterns with lattice
fringes indexed correspondingly to INTO and SNTO. At close inspection it can be observed
that the NTO grains transform their shapes from irregular ellipsoidal to regular polygon with

increase in pyrolysis temperature.

Figure 3a shows the UV-vis-NIR diffuse reflectance spectra of NTO nanofibers
obtained at different pyrolysis temperature. Besides the surface carbon moieties from
precursor, the absorbance peaks at lower wavenumber are attributed to Ni*" d-d transitions, i.e.
’4, L) > T, ,(F) and ’4, L) > T . (F), respectively. Furthermore, two peaks apparent

for nanofibers obtained at higher pyrolysis temperatures (973 K and 1173 K) are ascribed to
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the crystal field splitting of 3¢® band of Ni*" ions, that split up into two sub-bands called the

Ni*" = Ti*" charge-transfer (CT) bands.?® The absence of these sub-band peaks for 773 K
NTO sample suggests the high structural disorder in the material, which could either be non-

stoichiometry defects or dislocations in the material with small crystallite/grain size. The broad

absorption edge at higher wavenumber is ascribed to 0>~ — Ti** CT band.!7?°

The Raman spectra of NTO nanofibers obtained at different pyrolysis temperature are

shown in Figure 3b. For INTO structure with C; symmetry and R3 space group, all the ten

Raman active modes (5 4, +5 E, ) are observed in the range of 150-800 cm™.'*' These peaks

are characteristic peaks of INTO and the same are assigned for NTO nanofibers in present
study, especially NTO nanofibers obtained at higher pyrolysis temperature. The well-defined
peaks at higher pyrolysis temperature are due to the structural order, as the intensity of the peak
is function of scattering efficiency of the material. Hence, the ambiguous peaks were noticed
for NTO nanofibers obtained at 773 K having high structural disorder. However, the peak
around 773 cm’' remain unassigned even with both experimental’! and theoretical
(nanocrystallite)* studies until the present study. Here, from our previous study on SNTO*

and by comparing the Raman spectra of spinel structures®?, we suggest that this peak belongs
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to Raman mode of 4, for SNTO. Furthermore, this also corroborates the presence and

existence of SNTO phase in nanofibers.

The PL emission peak (Figure 3¢) around 2.2 eV (562 nm) is attributed to the colour of

the material. Furthermore, the emission peaks between 2.5-2.8 eV correspond to electron-hole

transitions originated by defects levels in the band gap, such as oxygen and titanium vacancies,

surface moieties.*® These defects decrease as function of increase in pyrolysis temperature as

more oxygen is incorporated into the system. The apparent peak ~3 eV is ascribed to

Ti** — O* intrinsic CT which is prominent in well-defined structure, as structurally

disordered NTO nanofibers (obtained at 773 K) have less chance of such CT interactions. The

CIE 1931 plot obtained for the PL spectra in Figure 3d. The CIE plot shows a noteworthy shift

of NTO nanofibers with increase in pyrolysis temperature, which demonstrate amalgamation

of additional oxygen to the system.

The structural and physical properties of various ilmenite type titanates are studied

theoretically using DFT analysis.?*** To have the additional insight of the NTO phases (INTO

and SNTO) over the competing band gaps for electrocatalyst or photocatalyst phenomena, the

conduction band (CB) and valence band (VB) were estimated by first principles DFT
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calculations. Figure 4a and 4b shows the DOS of INTO and SNTO, respectively. Apart from
multiple band gaps mentioned in previous study ranging from 2.4-2.7 eV,?° two new band gaps
were observed from our electronic structure calculations, i.e. 1.07 eV and 1.56 eV for INTO.

And, 0.3 eV and 0.81 eV intermediate narrow band gaps were obtained for SNTO. The former
1.56 eV into INTO can be attributed to the absorbance peak for the 3A2 [(F)> 3T2 . (F) due to
Ni?* d-d transitions (as seen from Figure 3a). The latter, 1.07 eV of INTO and 0.81 eV of SNTO
to 3A2 . (F)—> 3T1 . (F) and its shoulder peak, which confirms the theoretical band gap is close
to the value obtained from that of the experiments. The pseudo band gaps around 0.3 eV or

sometimes less than ~1.5 eV are due to hybridisation of strong covalent character Ni-O bonds,

which is believed to hinder the Ni** — Ti** CT.!3 These transitions are in visible and infrared
light region and hence suggests its photocatalytic behaviour. For both INTO and SNTO phases,
the VB is primarily fabricated of Ni 3d, and CB of Ti 3d, whereas there are additional sub-
bands for both the phases above VB minima and below CB maxima. This result of INTO is in
contrary to the DOS obtained in literature, where VB is predominant by O 2p orbitals®,

whereas comparable to the other literature,?*-%-
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The band structure of INTO and SNTO in Figure S3a and 3b, conveys that the SNTO

is semi-metallic nature with closet to Fermi level being completely occupied. However,

unoccupied states are seen in VB or high CB. This can be attributed to highly defective phase

of SNTO having oxygen vacancies or possibility of existence of intermetallic connection (Ni-

O-Ti-O-Ni) as previously reported.?* However, such states have been confirmed with NiC0204

and NiO/TiO2 DFT study, where favours in electrochemical redox reaction as communicative

media for charge transfer and water absorption.'**” If such semi-metallic/metallic states exists

with the INTO, it has also been proven to increase the efficiency of catalyst for electrochemical

water-splitting (NiTiO3/Ni), experimentally.'3

The optical conductivity of the INTO and SNTO were estimated from DFT analysis are

shown in Figure 5 ranging 0 to 50 eV. The peaks below 50 eV belong to the UV-vis light

assisted inter-band transitions in the material. The hyperchromic effect for both INTO and

SNTO are observed in the range of 4-7 eV due to the CT interactions in respective material.

The optical conductivity reaches maxima at 4.46 eV and 5.96 eV for SNTO and ITNO,

respectively. This suggests they are promising photocatalyst and electrocatalyst. A second

maxima peak is observed for INTO around 19.21 eV, which decreases and shifts to lower

energy (13.15 eV) in case of SNTO. This indicates that INTO is more optically conductive to
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the incident photons of higher energies. The bathochromic shift in SNTO can be attributed to

the smaller band gaps or rich Ni ion concentration.’®3° The overall picture of variation in the

peaks of optical conductivity concludes the change in the band gaps of INTO and SNTO,

expressing different behaviour for incident photons.

XPS studies were performed to confirm the elemental composition and valence states of
elements present for three different samples pyrolyzed at temperature 773, 973, and 1173 K
Figure S4. The XPS depth profiling was carried out to understand the anatomy of NTO
nanofibers obtained at 773 K (Figure 6), which seem to possess high structural disorder
compared to the other two samples. Figure S4a shows wide scan XPS spectra of samples
pyrolyzed at different temperature, and Figure 6a shows the XPS survey spectra of NTO
nanofibers obtained at surface and two different depths of 773 K NTO nanofibers. Both the
survey spectra Figure S4a and 6a confirms the presence of C, O, Ti, and Ni elements !340:4!
distributed non-homogeneously over the NTO nanofibers (ratio of intensity of respective
elements is not equal to one).!! The deconvoluted high-resolution spectra of Ni 2p, Ti 2p, and
O Is (Figure S4b-d) confirms the formation of ilmenite NTO, which is in good accordance

with literature.!*#**? It has to be noted that the deconvoluted peaks in each individual graph

(Figure 6 and S4) are representative and similar deconvoluted peaks exists in all the three high-
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resolution spectra of corresponding graph. The presence of defective O (Figure S4b) even in

XPS depth profiling (Figure 6b) suggests that these are not oxygen moieties or absorbed surface

oxygen compounds, whereas distributed over bulk sample. This observation indeed helps in

predicting the presence of SNTO in the NTO nanofibers.

The high-resolution Ni 2p spectra observed in all samples as shown in Figure S4c and

6¢, suggests the presence of typical octahedral Ni** ions (characteristic 2p spin orbital splitting

separated by ~17.3 eV) in both INTO and SNTO.***! It has to be noted that the Ni** ions in

both crystal structures remain in octahedral void.?’ The hypsochromic shift in Ni 2p spectra of

Ni%* jons present in SNTO is attributed to the subtle change in ion charge by oxidation, i.e.

Ni**® which promote stability of non-stoichiometry SNTO having oxygen deficiency.*

Furthermore, Figure 6¢ shows the existence of Ni’ (2p3/2 ca. 852.3 eV and 2p.2 ca. 869.4 eV)!"?

after Ar' ion sputtering during XPS depth profiling. This is ascribed to metallic Ni which are

formed due to the reduction of high valence Ni ions during Ar* ion bombardment.** It is well

known that the Ti*' ions occupy only the octahedral voids in INTO, and tetrahedral voids in

SNTO.? The octahedrally and tetrahedrally located Ti*" ions are easily distinguished in the

high-resolution XP spectra of Ti 2p (Figure S4d and 6d), which is consistent with the

literature.*>*® However, the presence of Ti*® may be due to (i) charge neutrality in non-
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stoichiometry SNTO, (ii) the reduction to low valent ion during XPS depth profiling, which is

negligible due to low concentration of Ti ions in SNTO (Ni2.62Ti0.6004, Ni/Ti ~3.8) 247 or (iii)

partial reduction of Ti*" ions during Ar" ion etching.** Besides, the peak representing 2p,» Ti*

% jon due to oxygen deficiency **, might have been convoluted with tetrahedral 2ps» Ti*" ions.

It must be noted that 2p;,» Ti*® ion have lower orbital energy than 2p;,» Ti*? (inset Figure S4d

and 6d) and hence the partial reduction in ionic charge is fulfilled by addition of electrons to

lower valence. This clarifies the absence of 2p3/» Ti*® peak in Ti 2p XP spectra of the samples.

These results further corroborate the presence of SNTO in NTO nanofibers.

3.2.Bifunctional electrocatalyst for water-splitting

3.2.1 Hpydrogen evolution reaction (HER)

The electrocatalytic HER of NTO/GE nanofibers in alkaline medium was studied via CV and

CP methods, and electrocatalytic parameters were evaluated by Tafel plots. In

electrochemistry, HER is comprehensively studied through its ease in producing pure hydrogen

gas. The protons from the electrolyte are adsorbed on the active sites of the electrocatalyst

surface (cathode) through HER and receive electrons to form chemisorbed hydrogen atoms,

which later disengage as hydrogen gas.!!*>° In this regard, CV analysis is a well-established

technique to comprehend the thermodynamics of redox reactions and kinetics of adsorption
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process. Besides, the CP analysis is a basis for evaluating the material stability, where a definite

controlled current is applied between electrodes (three electrode system) as the redox reactions

occur at the active sites of the working electrode.

Figure 7 shows the results of the CV analysis for HER. For all working electrodes

during HER, CV analysis was conducted in a negative potential range (0 to -1.6 V) with 50

cycles under 1 M KOH. The optimal scan rate for the HER efficiency of NTO/GE was selected

based on the CV tests of NTO nanofibers obtained at 773 K at different scan rates (5, 25, 50,

and 100 mV-s').* The maximum peak current attained after equilibrium was observed for the

scan rate of 100 mV-s™! for the stable cycle. Hence, CV analysis for all working electrodes

were performed at this scan rate. Furthermore, the peak current at -1.6 V decreased sequentially

for each sample during 50 cycles of CV analysis until it attained an equilibrium and became

constant for the rearmost cycles. This retarding peak current within 50 cycles is attributed to

the increase in resistance instituted by the hydrogen bubbles formed on the NTO/GE surface.

Later, these hydrogen bubbles stabilize once they attain equilibrium in the formation and

detachment of hydrogen gas which leads to constant peak current for hindmost cycles. From

Figure 7 and Table 1, it is found that the least cathodic onset potential (-0.69 V) and highest

cathodic current were observed for NTO/GE obtained at 773 K. This highest electrocatalytic
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activity of NTO nanofibers pyrolyzed at 773 K is attributed to the high surface area,

morphology and defective active sites (especially from non-stoichiometric SNTO) which will

be further discussed in Section 3.2.3. The onset potential of state-of-the-art of commercial

Pt/C/GE (-0.935 V) was compared with the NTO/GE obtained at different T in Table 2, it was

found that NTO/GE electrodes had minimum onset potential than that of Pt/C/GE electrode,

suggesting its better performance.

The typical operating current densities for the conventional low-pressure alkaline

electrolysers in industry range from -100 to -300 mA-cm™.!! To evaluate the electrocatalytic

behaviour of the electrodes, CP analysis was monitored at a constant current density applied over

sufficient period. The CP analysis for the liberation of hydrogen on NTO/GE electrodes were

obtained at a constant current of -300 mA for a period of 1800 s. This optimal stable current for

hydrogen gas evolution was fixed after measuring the amount of hydrogen gas evolved using

NTO/GE obtained at 773 K at different applied currents (Figure S5, ESI). Furthermore, by

measuring the amount of hydrogen gas evolved for the initial 300 s, the electrocatalytic activity

of all the NTO/GE electrodes obtained at different pyrolysis temperatures was estimated. The

nature of CP plots is shown in Figure § for all the working electrodes and the inset Figure 8

shows the volume of hydrogen gas evolved on the corresponding working electrode for the
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initial 300 s. The production of hydrogen gas is maximum for the NTO/GE obtained at 773 K.

This result is an evidence for the best electrocatalytic activity of NTO/GE obtained at 773 K

for HER in present study.

3.2.2 Oxygen evolution reaction (OER)

Similar to HER, the NTO/GE developed at different pyrolysis temperatures were evaluated for

their electrocatalytic behaviour in OER. For OER, the CV analysis were conducted in the

positive potential window of 0 to 0.75 V at scan rate of 100 mV-s™!. The onset potential for

incessant liberation of oxygen gas was recorded from the CV plots. From Figure 9 and Table

1, it was determined that the NTO/GE obtained at 1173 K showed the supreme electrocatalytic

behaviour with the least anodic onset potential of 0.296 V towards OER, beyond which, a steep

increase in the anodic current was observed. The onset potentials obtained for different

NTO/GE electrodes was compared with the state-of-the-art of commercial RuO>/GE (0.417 V)

in Table 2, and it was found that NTO/GE electrodes had lesser onset potential and comparable.

The stability and competence of NTO/GE for OER was also studied using CP analysis.

The optimal operating current density for OER was chosen on similar grounds as HER (Figure

S6, ESI), but with a positive current value, i.e. +300 mA for a time interval of 1800 s. When

this current was applied, the potential was found to decrease drastically as shown in CP plots
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(Figure 10), until it reached an equilibrium potential, where OH™ oxidizes to O,. At this

equilibrium, the oxygen gas bubbles forming at the active site of the NTO nanofiber surface

and ones that are escaping attain steadiness, which keeps the potential stable throughout the

experiment.

The relative volume of oxygen gas evolved in 300 s for NTO/GE, corresponding to

different pyrolysis temperature is shown in the inset Figure 10. The NTO/GE obtained at 1173

K exhibited the least onset potential for oxygen gas liberation, in contrast to that observed for

hydrogen gas liberation. This observation shows that the NTO/GE obtained at 1173 K was a

more efficient electrocatalyst for OER. In other words, NTO/GE obtained at 1173 K possesses

the highest electrocatalytic efficiency, presumably due to adsorption of more OH ions on

active sites of the surface from electrolyte. This can be understood by the large crystallite size

of NTO nanofibers obtained at 1173 K, which favours the colonization of the large OH™ ions

on the active sites though it is not the recommended material for HER (due to low surface area

and lesser defective active sites), as discussed previously. On the other hand, the NTO/GE

obtained at 773 K displays the minimum electrocatalytic competence for OER due to lack of

surface activity towards OH™ ions adsorption. Therefore, it could be concluded that the
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electrocatalyst surface favouring the anodic reaction has a hostile outcome on the cathodic

reaction and vice versa.

3.2.3 Tafel polarisation plot
The electrocatalysts prepared under different pyrolysis temperature are analysed for their
kinetic behaviour using Tafel polarisation plot. The Tafel plot of NTO/GE electrodes were

obtained by linear sweep voltammetry at a scan rate of 5 mV-s™!. The Tafel slopes ( 3 ) for both

the HER and OER were determined from Tafel plot (Figure 11) and tabulated in Table 1. In
alkaline medium, HER in general trails through two different mechanisms either as Volmer-

Tafel (Equation 2 and 3) or Volmer-Heyrovsky (Equation 2 and 4) process. '

The Volmer reaction by electrochemical hydrogen atom adsorption is written as:

HO+M+e <>M-H_ +OH", )

and the Tafel reaction by chemical desorption as:

M -H, <>2M+H,T. 3)

The Heyrovsky reaction by electrochemical desorption is:

M-H,+HO+e <>M+0H +H,T. 4)
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Both Volmer-Tafel and Volmer-Heyrovsky processes involve the H>O molecule adsorption,

and its electrochemical reduction to adsorbed H atom (Hags) and OH™ ion. Later, the OH™ ion is

desorbed to electrolyte to create fresh surface and active Hags intermediate in formed to liberate

Ha.!! Generally, depending upon the HER Tafel slope ( 3. ), the rate-determining step is Volmer

(. >100 mV-dec™), Heyrovsky ( B, about 40 mV-dec™), or Tafel ( 3, about 30 mV-dec™).”!

In case of electrochemically activated WE, the Volmer-Heyrovsky mechanism is facile and the

rate-determining step is a mixed process.’> The B, for NTO/GE obtained at 773 K (58.9

mV-dec™) is close to Volmer-Heyrovsky mechanism and best suitable for HER compared to

NTO/GE obtained at 973 K (77.3 mV-dec ") and 1173 K (84.7 mV-dec™). The B, for NTO/GE

obtained at 773 K was two times lower than that of the state-of-the-art commercial Pt/C/GE

(117.4 mV-dec!), which suggests NTO/GE electrodes outperform the Pt/C/GE. It was

observed that the Ni-based materials hold suitable binding energy for Hags close to Pt, though

the electrocatalytic activity for HER is less compared with Pt/C.!*> Table 2 shows that the

performance of HER activity ( 5.) of the NTO/GE nanofibers is better than values reported

earlier in literature, which falls near to Pt/C, especially for NTO/GE obtained at 773 K. This is

attributed to the (i) uniform compositions of INTO and SNTO as seen from XPS, and (ii)
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synergetic kinetics of INTO/SNTO, where the defective SNTO behaves like a pure metallic Ni

as seen from DFT analysis.

It has been reported that pure Ni has favourable active site for Hags, whereas INTO

favours the absorption of OH" ions, which also occupy the active sites of Hags in INTO.!!13

This suggests that the H" ions towards has a rational affinity towards defective SNTO (Ni rich

phase) and the large number of OH™ ions adsorb at INTO active sites. Furthermore, the NTO

nanofibers obtained at pyrolysis temperature of 773 K has greater porosity (HRTEM, Figure

2) compared to those obtained at 1173 K. This suggests that ease of adsorption of large OH"

ions onto the active surface and follow OER process. Hence, the synergetic effect of both

structural factor and compositional distribution contributes to the respective HER and OER

process. It has also been reported that the presence of Ti*" ions in INTO is advantageous to

improve the stability of the electrocatalyst in case of INTO/Ni. However, the role of Ti*" ions

in INTO/STNO composite nanofibers can be attributed to (i) the stability of INTO for OER

process in forming a stoichiometric phase'® and (ii) low valence Ti ions as seen from XPS in

STNO apart from forming a defective non-stoichiometric phase, may also help in HER

process.>>>3 These observations are in good agreement with the HER and OER results obtained

by CV analysis, where the NTO/GE consisting less STNO?°, shows up more OER activity and
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vice versa. The performance of OER activity is highest for NTO/GE obtained at 1173 K, having

least OER Tafel slope (3, = 64.8 mV-dec™). The S, values (Table 2) obtained for NTO

nanofibers are akin to the values in literature as well as better than the commercial used

material, like RuO»,'® suggest the complimentary OER kinetics of NTO nanofibers. This was

also confirmed by comparing the S, of the state-of-the-art commercial RuO./GE (68.4

mV-dec!), which suggests that the OER kinetics of NTO nanofibers run parallel to the state-

of-the-art RuO» catalyst and comparable (Table 2). In general, the OER mechanism in alkaline

solution for active sites represented as A4 on the surface of electrocatalyst is as given by 132!
A+OH <> A-OH +e (%)
A-OH +OH <> A-O+e +H,0 ©6)
A—O+OH <> A—OOH +¢ %
A-OOH +OH < A—0,+e +H,0 @®)
A4-0, & 440, ©)

Furthermore, in Figure 7 and 9, the presence of two onset potential can be attributed to the

activation of two different ions (octahedral Ni and tetrahedral Ti) at active sites’®*’ from the
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respective favourable phases. On second onset potential, the Ni rich active sites are activated,

which increase the current output as seen from HER and OER CV plots. Overall, the analysis

concludes that the NTO/GE obtained at 773 K is an excellent cathodic electrode for electrolysis

in alkaline medium. In addition, the NTO/GE obtained at 1173 K outperforms as an anode for

the same electrolysis process. Hence, these NTO nanofibers based NTO/GE electrodes have a

huge potential as candidate materials for large scale production of Hz and Oz by water-splitting

process.

4. CONCLUSIONS

NTO nanofibers with mosaic and bamboo structure were prepared by sol-gel assisted

electrospinning process accompanied by pyrolysis at 773 K and 1173 K, respectively. The

mosaic structured NTO nanofibers which consist of high amount of SNTO and small crystallite

size in comparison to the bamboo structure, show superior electrocatalytic activity for HER.

The bamboo structured NTO which have lesser amount of SNTO and larger crystallite size,

show dominance towards OER. The HER and OER performance of the different NTO

structures may be understood based on (i) the rational affinity of H" ions towards SNTO and

the large number of OH" ions adsorption at INTO (i1) the favourable composition of INTO and

SNTO in different NTO nanofibers, and (iii) the conducive morphology for the diffusion of
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electrolyte to reach the preferred mating active sites. The NTO nanofibers obtained at pyrolysis

soaking temperature of 773 K exhibits higher electrocatalytic activity for HER and is promising

as a good cathode material for alkaline water-splitting. Besides, the one that is tailored at 1173

K outperforms as anode, with effective OER performance. In summary, SNTO/INTO

nanofibers have wide potential as photo/electrochemical catalysts in water-splitting and other

photo/electrocatalyst assisted applications.
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Table 1: Crystallite size, dislocation density, HER, and OER parameters of NTO nanofibers (INTO/SNTO nanoparticles) developed at different

pyrolysis temperature.

Crystallite
size obtained Dislocation Onset potential of
Cathodic Onset potential of Anodic
Calcination from density, 0 O evolution,
. peak H: evolution, Ewe vs. SCE peak
temperature, | Williamson- (x101 Ewe vs. SCE
current at (\%) current
T Hall plot®®, D | lines-cm?) V)
1.6V at0.75 Vv
X (nm)
(mA) (mA)
Tetrahedral | Octahedral Tetrahedral | Octahedral
INTO | SNTO | INTO | SNTO
Ti Ni Ti Ni
773 24.20 | 13.01 1.71 591 -46.4 -0.37 -0.69 42.6 0.19 0.382
973 2433 | 38.63| 1.69| 0.67 -18.5 -0.38 -0.74 125 0.19 0.336
1173 33.75| 83.54| 0.88 0.14 -11.6 -0.38 -0.82 211 0.18 0.296
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Table 2: Comparison of synthesis, morphology, HER, and OER parameters with some reported mono/bifunctional electrocatalysts.

Svnthesis of Type of electrode Onset potential Onset potential | Tafel slope | Tafel slope
ynthesis o
| (Electrocatalyst of H; evolution of O; evolution for HER for OER | Electrolyte | Reference
materia
morphology) (V vs. SCE) (V vs. SCE) (mV-dec!) | (mV-dec?)
-0.69 0.382
NTO nanofibers/GE,
‘ ' or or
obtained at pyrolysis
. -0.446 vs. RHE 0.626 vs. RHE
soaking temperature
or or 58.9 79.5
773 K
-0.653 vs. 0.554 vs.
(Mosaic structured
RHE@10 RHE@10
nanofiber)
Sol-gel assisted mA-cm™ mA-cm™
electrospinning -0.74 0.336 Present
NTO nanofibers/GE, 1 M KOH
followed by ‘ ' or or work
' obtained at pyrolysis
pyrolysis for 2 h ' -0.496 vs. RHE 0.58 vs. RHE
soaking temperature
or or 77.3 72.1
973 K
-1.020 vs. 0.304 vs.
(Mosaic structured
RHE@10 RHE@10
nanofiber)
mA-cm™ mA-cm™
-0.82 0.296
NTO nanofibers/GE, 84.7 79.5
or or
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obtained at pyrolysis -0.576 vs. RHE 0.54 vs. RHE
soaking temperature or or
1173 K -1.263 vs. 0.266 vs.
(Bamboo structured RHE@10 RHE@10
nanofiber) mA-cm mA-cm™
-0.935
or
As procured in the | Commercial Pt/C/GE -0.691 vs. RHE
State-of-the-art (Powder, Pt particle or - 117.4 -| 1 MKOH
(Figure S7a and b, size < 5 nm) -1.072 vs.
ESI) RHE@10
mA-cm™
0.417
. or
As procured in the
0.661 vs. RHE
State-of-the-art Commercial RuO2/GE
_ - or - 68.4 | 1M KOH
(Figure S7c and d, (Powder)
0.751 vs.
ESI)
RHE@10
mA-cm™
Sol-gel assisted -0.781 0.491
o NCO nanofibers/GE, 37.6 67.0 | 1 M NaOH 29
electrospinning or or
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followed by obtained at pyrolysis -0.537 vs. RHE 0.735 vs. RHE
pyrolysis for 4 h soaking temperature or or
of 773 K -0.914 vs. 0.855 vs.
(Mosaic structured RHE@10 RHE@10
nanofiber) mA-cm mA-cm™
Co0304 nanofibers/GE,
Sol-gel assisted obtained at pyrolysis
s PO -1.26 0.54
electrospinning soaking temperature
or or - -| 1 MKOH 9
followed by of 773 K
. -1.016 vs. RHE 0.784 vs. RHE
pyrolysis for 2 h (Bamboo structured
nanofiber)
Precipitation method NiTiOs/Ni,
) ) ) -0.05 vs. RHE 1.5 vs. RHE
followed by obtained using reduction
or or
pyrolysis for 6 h atmosphere of 723 K 118 62.2 | 0.1 M KOH 13
- -0.196 vs. | 1.566 vs. RHE@10
(1173 K) and (Villiform structured
RHE@10 mA-cm™ mA-cm?
reduction for 2 h nanosheets)
Reverse ) i
_ _ NiO/TiO2/GE,
microemulsion ' '
obtained at pyrolysis 1.55 vs. RHE@10
method for 27 h . - - 52| 1M KOH 1
soaking temperature mA-cm™
(383 K) followed
) of 773 K
by pyrolysis for 2 h
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(Monolayer

nanosheets)
. . Ni2P/GE, 1.45 vs. RHE
Solid-state reaction . .
obtained at using N» -0.221 vs. or
followed by - 47 | 1 M KOH 58
_ atmosphere of 523 K | RHE@10 mA-cm? | 1.52 vs. RHE@10
pyrolysis for 1 h
(Nanoparticles) mA-cm?
Electrodeposition
followed by ' . 1.6 vs. RHE
NiSe/Graphene/Ni
selenization or
' mesh - - 83.4 | 1 MKOH 5
(Graphene/Ni mesh 1.66 vs. RHE@10
. (Nanowalls)
by chemical vapour mA-cm?
deposition)
. ) -0.21 vs RHE 1.5 vs. RHE
NiCo02S4/Ni foam,
Hydrothermal or or
' obtained at 393 K 58.9 40.1 | 0.1 M KOH 8
synthesis for 8 h -0.310 vs. | 1.57 vs. RHE@10
(Nanowires)
RHE@10 mA-cm™ mA-cm?
Solvothermal ' ' -0.110 vs.
Hierarchical 1.52 vs. RHE@10
process followed ' ' RHE@10 49.7 53.0 | 1 M NaOH 60
. NiCo0204/Ni foam, mA-cm™
by pyrolysis for 2 h mA-cm™
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obtained pyrolysis

soaking temperature

of 623 K
(Hollow
microcuboids)
Niz2P /GE,
bained i -0.088 vs RHE
obtaine rolysis
Thermal pYIow or
- soaking temperature
decomposition -0.124 vs. - 53.0 - | 0.5 H2SO4 61
of 593 K
process for 2.5 h RHE@10
(Hollow and Solid
mA-cm™
nanocrystals)
Hydrothermal Ni@NiO/Ni foam,
-0.07 vs RHE
process followed obtained using
or
b olysis for 2 h | reduction atmosphere of
Y Py -0.149 vs. - 69 -| 1M KOH 62
(573 K) and 473-573 K
RHE@10
hydrogenation for (Core shell
mA-cm™
3h Nanosheets)
Hydrothermal TiN@Ni3N/Ti foil, 1.52 vs RHE
process followed obtained using -0.015 vs RHE or
42.1 93.7| 1 M KOH 63
by pyrolysis for 3 h | ammonia atmosphere or | 1.58 vs. RHE@10

(823 K) and

of 1073 K

mA-cm
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ammonisation for 2 (Myriophyllum-like -0.021 vs.
h nanowires) RHE@10

mA-cm™

Erue = Esce +0.244 V, Onset potential of HER = overpotential + 0 V, Onset potential of OER = overpotential + 1.23 V, GE: glassy carbon/graphite

electrode.
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CAPTION TO FIGURES

Figure 1: Schematic showing test cell set-up for electrochemical studies.

Figure 2: HRTEM of NTO nanofibers obtained at different pyrolysis soaking temperatures (a)

773 K, (b) 973 K, and (c) 1173 K. Inset figures are the lattice fringes and indexed SAED

patterns of the polycrystalline NTO nanofibers in corresponding samples.

Figure 3: (a) UV-vis-NIR absorption spectra, (b) Raman spectra, (c) PL emission spectra of

NTO nanofibers obtained at different pyrolysis soaking temperatures, and (d) CIE 1931

chromaticity diagram.

Figure 4: DOS calculated by DFT analysis for (a) INTO and (b) SNTO. Inset figures are the

corresponding unit cells of INTO and SNTO phases.

Figure 5: Comparison of optical conductivity of INTO and SNTO acquired by DFT analysis.

Figure 6: XPS depth profiling analysis of NTO nanofibers obtained at pyrolysis soaking

temperature of 773 K. (a) survey spectra, (b) high-resolution spectra for O Is, (c) high-

resolution spectra for Ni 2p, and (d) high-resolution spectra for Ti 2p (inset figure: spin-orbit

splitting for Ti** ion). S: surface, D1: depth 1- after first Ar" ion etching, and D2: depth 2. The
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deconvoluted peaks in each individual graph are representative and similar deconvoluted peaks

exists in all the three high-resolution spectra of corresponding graph.

Figure 7: CV curves for HER analysis using NTO/GE developed at different pyrolysis soaking

temperatures.

Figure 8: CP stability responses attained by NTO/GE developed at different pyrolysis soaking

temperatures, for HER. Inset figure: H liberated for 300 s for corresponding NTO/GE.

Figure 9: CV curves for OER analysis using NTO/GE developed at different pyrolysis soaking

temperatures.

Figure 10: CP stability responses attained by NTO/GE developed at different pyrolysis

soaking temperatures, for OER. Inset figure: O2 liberated for 300 s for corresponding NTO/GE.

Figure 11: Comparison of Tafel polarisation plots and slopes, for HER and OER, of NTO/GE

developed at different pyrolysis soaking temperatures.
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Figure 3
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Figure 6
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Figure 7
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