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Herein, Ni-decorated SnO, (Ni@SnO,) nanostructures have been synthesized using SnO, as a matrix via a
simple electroless deposition method for the generation of hydrogen, a potent near-future fuel. XRD ana-
lysis confirmed the generation of rutile SnO, in Ni@SnO,. FESEM and FETEM imaging exhibited the for-
mation of SnO, nanoparticles with a size of 10-50 nm, which are deposited with Ni nanoparticles
(5=7 nm) and intermittent films (thickness 1-2 nm). The associated EDS elemental mapping validated Ni
deposition on the surface of the SnO, nanoparticles, further supplemented by FTIR, Raman and XPS ana-
lysis. Slight red shifts in the band gaps of the Ni@SnO, nanostructures (in the range of 3.53-3.65 eV) com-
pared to the pristine SnO, nanoparticles (3.72 eV) were observed. Also, intensity quenching of the band
gap and associated defect peaks were observed in PL analysis. The Ni@SnO, nanostructures were used as
photocatalysts and exhibited proficient hydrogen evolution. Among the samples, the 0.3 wt% Ni@SnO,
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nanostructures showed the greatest hydrogen evolution, ie., ~50 pmol g™ h™' under visible light
irradiation versus pristine SnO, (8.5 pmol g™ h™) owing to the enhanced density of active sites and
effective charge separation. It is noteworthy that the hydrogen evolution is much better as compared to
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Introduction

Fuels play a vital role in the progressive industrialized
economy, in which an enormous amount of energy is required
for various processes such as heating, lighting, transportation,
power generation, production, etc. Until the last few decades,
the world relied heavily on fossil fuels. In the contemporary
scenario, depletion of perishable energy sources as well as
environmental issues such as global warming have arisen, and
the world is facing an energy crisis that requires significant
attention. Researchers are focusing on environmentally
friendly concrete technologies for energy generation using
various sustainable sources with assured energy security.
When the various sustainable energy fuel options are scruti-
nized, hydrogen is found to be the apt alternative, although it
is in its infancy in terms of development of the technology
(hydrogen economy) owing to the bottlenecks related to its
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earlier reports of Pt-doped-SnO, based materials.

safe and efficient storage and delivery." Its vast energy capacity,
as well as its relatively clean and energy-efficient nature, make
hydrogen a proficient energy carrier.> As 8% of overall energy
demand is predicted to be fulfilled via hydrogen by the year
2050, a need for the development of hydrogen production
methods with near-zero greenhouse gas emissions has arisen.’

At present, the overall demand of hydrogen is overwhel-
mingly (>95% of total demand) satisfied by the steam reform-
ing process or the partial oxidation of hydrocarbons with the
inevitable generation of carbon dioxide.* As an alternative,
water splitting is a relatively greener method of hydrogen pro-
duction carried out using techniques such as thermochemi-
cal,”> photo-fermentative,” and photo-electrolytical® methods
via exposure to thermal, photo- or photo-electrical radiation.
However, these techniques are either slow or energy intensive.
One technology for H, production is photocatalytic water split-
ting; it entails photonic energy, which is considered to be the
most abundant energy resource on Earth.”

In this context, the most suitable water splitting method-
ology is based on catalysts known as semiconductor photocata-
lysts that are activated under electromagnetic (solar) radiation,
which split the water molecule into hydrogen and oxygen
through the process known as photocatalysis.”®* Such
photocatalytic water splitting leads to H, evolution on the
photocatalyst surface via its interplay with water molecules,
culminating in the generation of strong oxidizing mediators

This journal is © The Royal Society of Chemistry 2024
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such as hydroxyl and superoxide radicals sans any costly or
advanced reaction set-up.’

Considering the importance of photocatalytic water split-
ting, various types of photocatalysts and their combinations
need to be reviewed for evaluation of their pros and cons. To
date, numerous photocatalysts have been employed for hydro-
gen production, such as widely used conventional semi-
conductor metal oxides like TiO, *° and ZnO,'" as well as other
materials including WOs,'> BivO,,">'* BiOBr,'*> Bi,WOs,"®
Ag,S," Ag;PO,,'® AgBr,'® Ag;v0,*° CdS,*' P/YPO,,>* metal-
organic frameworks (MOFs),>® Sn0,,>* etc. Among these
materials, tin dioxide (SnO,), which has several polymorphs, is
an earth-abundant, non-toxic, and chemically stable n-type
semiconductor material with a wide direct band gap (3.6 eV),
reasonable optical transparency, and significant electron
mobility; therefore, it has been extensively exploited in
sensors, solar cells, supercapacitors, Li-ion lithium batteries
and photocatalysis.”> However, as a photocatalyst, it suffers
from its wide band gap, which impedes its response to visible
light, and its notorious photogenerated charge carrier recom-
bination; these have resulted in there being a relatively small
number of reports on SnO,-based photocatalytic water split-
ting studies.>®

These intrinsic downsides can be overcome by implement-
ing strategies such as band gap engineering, enhanced charge-
carrier separation, and transmission and swift redox reaction
through surface modification via exhaustive tactics including
composite photocatalyst construction and tuning of the
material preparation protocols for morphology control, which
have been adopted to design novel SnO,-based
photocatalysts.>**”*® Various SnO,-based composite photo-
catalyst preparation techniques, namely, hydro/solvothermal,*
co-precipitation,® sol-gel,*! polyol,>* auto-combustion®* and
microwave methods,** among others, have been reported.
Among these methods, co-precipitation synthesis exhibits
benefits, including low-temperature processing, improved
safety, economic advantages, and facilitated mass pro-
duction.*® SnO, composite formation can be achieved through
the introduction of a metal/nonmetal combination for appro-
priate surface modification.>® In this direction, co-catalyst-
based semiconductor composite photocatalytic systems such
as Pt@Sn0,,”’?® Sn0,/Pt/In,03,>° Pt@Sn0,/graphene,’® Pt/
Sn0,/GNs,** TiO,/Pt/Sn0,,*> and Au/Pt/SnO,** have been
reported for photocatalytic applications. However, such noble-
metal-based photocatalytic materials can prove to be costly,
hampering their industrial applicability. Simultaneously, the
need to reduce environmental pollution and the photocatalyst
production process cost also need to be taken into account.**

Nickel has been recognized as a strong substitute for noble
metal co-catalysts owing to its renowned catalytic behaviour in
numerous chemical reactions in industry. In this context, Ni
and NiO have been loaded over the surface of SnO, to enhance
their properties.”®** For Ni@SnO, nanostructures, various syn-
thesis techniques, such as chemical reduction,** solvothermal
treatment,®® photoreduction,” and wet and chemical
reduction,” have been studied by researchers. It is worth
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noting that electroless plating, although typically executed for
various metal-based surface microlayer coatings on work-
pieces, has surprisingly arisen as a substitute for constructing
surface-loaded nano-assemblies of different materials.*® It is
an autocatalytic surface coating process in which the metal to
be deposited on the surface of the nanomaterials can be used
in a cost-effective manner due to the low concentration
requirements, control of the phase and morphology formation
for large surface areas, etc., and has become a trending theme
in the nano-assembly of metal-loaded semiconductor
composites.*””*® This technique, which is also known as elec-
troless loading, is mouldable with respect to the substrates
being metallized and can deposit metallic nanoparticles or
films on materials in the solid, liquid or gaseous states with
different chemical forms, sizes and shapes.”® It can generate
nanoparticles having varied morphologies such as nanotubes,
nanoparticles, nanowires, and ultrathin films, etc., on the
surface of the host materials by using a simple solution chem-
istry approach.®® To the best of our knowledge, electroless Ni
loading over the surface of an SnO, nanostructure has not
been reported so far.

In this context, Ni@SnO, nanostructure photocatalysts have
been prepared via the coprecipitation of SnO, nanoparticles
followed by Ni loading using the electroless plating technique.
The study of the effect of Ni loading over the surface of the
SnO, nanoparticles and their photocatalytic water splitting
leading to hydrogen production has been accomplished. The
overall results established the efficacy of hydrogen production,
revealing its utility as a scalable and cost-effective technique.

Materials and methods
Materials

For synthesis of the SnO, nanopowders, the required precur-
sors, namely, stannous chloride dihydrate (SnCl,-2H,0),
methanol, and NH,OH, were procured from Qualigens and
SRL, India, respectively. Electroless nickel loading was per-
formed using a commercial electrochemical bath that was pro-
cured from Grauer & Weil (India) Limited, which was com-
posed of various solutions for cleaning, mild etching, pre-acti-
vation, activation and finally Ni loading. For the acid wash
after the mild etching step, H,SO, (98% conc., SRL chemicals,
India) was diluted with deionized water to prepare a 10% sul-
phuric acid solution.

Material preparation

Synthesis of SnO, nanopowders . A facile co-precipitation
method was employed for the preparation of the SnO, nano-
powders. In this process, 0.1 M stannous chloride dihydrate
(SnCl,-2H,0) was dissolved in a 4 :1 v/v MeOH : distilled water
mixture. Upon complete dissolution, liquor ammonia was
added to obtain a pH of 8, leading to the formation of an off-
white coloured precipitate, which was washed with distilled
water until neutralization under centrifugation, dried and then
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calcined at 650 °C for 6 h and used as-is for further character-
ization and Ni loading.

Autocatalytic Ni deposition on the SnO, nanopowder
surface. The details of Ni bath preparation process were pro-
vided in our previous work.”® The electroless nickel loading
process entailed a number of steps as detailed in Table T1
(ESIt) with continuous stirring. Centrifugation was carried out
at the conclusion of each step. Fig. 1 shows all of the pro-
cedures involved collectively in the synthesis of SnO, nano-
particles and autocatalytic deposition of nickel on their sur-
faces. The SnO, nanoparticle surfaces were normally cleaned
in three steps; using a cleaning solution that was kept at 60 °C
for 10 min, followed by treatment with mild etching and acid
solutions for 4 and 2 min, respectively, and centrifugation was
carried out after each stage was finished with a water wash.
After cleaning, the surface of the SnO, nanopowder was
treated with a pre-activator solution for 2 min. However, after
this step, there was no water rinsing.

By exposing the preactivated SnO, nanoparticles to activator
and post-activator solutions for 5 min each, followed by
rinsing them with water, the powder became surface activated.
The surface-activated SnO, nanopowder was then exposed to
Ni loading for 15 min by placing it in a Ni bath that was kept
at a pH of 5.2 and a temperature of 85-90 °C (Fig. 1). The
surface-activated SnO, nanoparticles were subjected to electro-
less Ni baths at different concentrations to adjust the Ni wt.%
loading. The resulting samples were then utilized for photo-
catalytic water splitting (Table 1).

Characterization techniques

Crystalline behaviour study of the Ni@SnO, nanostructures
was accomplished using powder X-ray diffraction (XRD, Rigaku
MiniFlex 600, Cu-Kal radiation source of wavelength 1.54 A)
method. PHI Versa Probe XPS instrument employed for X-ray
photoelectron spectroscopy (XPS) assisted the elemental com-
positional analysis of the pristine SnO, and 0.3% Ni@SnO,
samples. The inductively coupled plasma optical emission
spectroscopy (ICP-OES) technique was employed to confirm
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Table 1 Electroless Ni bath composition for variable Ni wt% loading
over SnO, nanoparticles

Sample Nickel salt Reducing Calculated %
code solution agent solution Ni loading
Sr.no. (Niwt%) (mL) (mL) concentration
1 Pristine SnO, 0 0 0
2 0.1%Ni@Sn0, 0.2 0.374 0.1
3 0.2%Ni@Sn0O, 0.4 0.748 0.2
4 0.3%Ni@Sn0, 0.6 1.112 0.3
5 0.4%Ni@Sn0O, 0.8 1.496 0.4
6 0.5%Ni@Sn0, 1.0 1.870 0.5

the Ni concentration of the synthesized products using a
Spectroblue, Amtek. For these measurements, a typical sample
(200 mg) was digested (in conc. HNO; (4 mL) and 30% H,O,
(1 mL)) in a microwave, and then diluted to 50 mL. The resul-
tant solution was filtered and run through the calibration
curve. A Renishaw Invia Raman microscope equipped with a
532 nm laser was utilized to study the Raman spectra of the
Pristine-SnO, and Ni@SnO, nanostructure samples. Room
temperature diffuse reflectance UV-visible absorbance spectra
(UV-DRS) of the prepared materials were obtained in the range
of 200-800 nm using a PerkinElmer LAMBDA 950 UV-VIS-NIR
spectrophotometer. Photoluminescence (PL) emission spectra
of the as-synthesised nanostructures were obtained using a
Shimadzu (RF5301PC) spectrofluorometer at an excitation
wavelength of 350 nm.

An IRAffinity-1S 01130 Shimadzu spectrometer was
exploited for measuring Fourier transform infrared (FTIR)
spectra between 400 and 4000 cm™". Morphological and micro-
structural investigations were performed using field emission
scanning electron microscopy (FESEM, FEI NOVA NANOSEM
450) and field emission transmission electron microscopy
(FETEM by JEOL, JEM-2200FS). For typical FETEM analysis,
the test sample was carefully prepared by dispersing the
sample powder in ethanol and then drop-casting it onto a
carbon-coated grid. To obtain high imaging and spatial resolu-
tion with chemical mapping of the material, scanning trans-
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Fig. 1 Process schematic for the synthesis of SnO, nanoparticles and their electroless loading with Ni.
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mission electron microscopy (STEM) in bright field (BF) mode
equipped with energy dispersive X-ray spectroscopy (EDS)
coupled elemental mapping using a JEOL JEM2200FS operated
at 200 kv was employed. The samples’ porosity and surface
area were determined using Brunauer-Emmett-Teller analysis
(BET: Quantachrome NOVA touch LX1).

Photocatalytic hydrogen generation

Photocatalytic hydrogen generation from water was accom-
plished using a photocatalytic reactor set-up consisting of a
total 100 mL airtight cylindrical quartz photochemical reactor
with an attached cooling jacket for water circulation. A solar
simulator (CEL-NP2000) with AM 1.5 G illumination (100 mW
cm?) and a hood fan to disperse surplus heat was the illumi-
nation source. A standard photocatalytic experiment involved
dispersing 20 mg of the photocatalyst in 40 mL of an aqueous
solution mixture containing 20% methanol (v/v). The 60 mL
open space of the photoreactor was sealed with a rubber
septum, and the catalyst was dispersed uniformly via ultra-
sonication for 5 min. The resultant dispersion was purged
with ultra-high purity (UHP-99.999%) nitrogen gas in order to
eliminate dissolved oxygen from the solution and all the gases
from the reactor’s headspace. Gas chromatography (GC) with a
thermal conductivity detector (Shimadzu GC-2014c; Ar carrier
gas and molecular sieve-5 A column) was employed for gas
examination in the reactor’s free space both before and after it
was exposed to sunlight. At intervals of fifteen minutes, the
reactor’s hydrogen gas yield was measured by collecting the
gas in the syringe and feeding it into the GC equipment.

Photoconductivity studies

A Keithley source meter (2450) was used for electrical measure-
ment of pristine SnO, and Ni@SnO, nanostructure samples. A
Class ABA Solar Simulator was used for white light illumina-

tion with a power density of 12 mW cm ™2,

Electrochemical studies

A CH 660C electrochemical analyzer (CH Instruments,
Shanghai, China) with two electrodes was employed for the
electrochemical impedance spectroscopy (EIS) study. Pt and
the Ni@SnO, nanostructures played the roles of counter and
working electrodes, respectively. Electrochemical impedance
spectroscopy (EIS) with a 10 mV alternating signal was used to
examine the electron transport parameters in the 107>-10° Hz
frequency range.

Results and discussion
XRD

The phase purity and crystallinity of the as-synthesized pristine
SnO, and Ni@SnO, nanostructures were established using
X-ray diffraction, and the results are shown in Fig. 2. The
prima-facie XRD reflections of the pristine SnO, and Ni@SnO,
nanostructures show that the prepared materials were well
matched with JCPDS number 41-1445 with the peaks exhibit-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 X-ray diffractograms of the prepared pristine SnO, and Ni@SnO,
nanostructure samples.

ing reasonable similitude with rutile-phase tetragonal SnO,.
The observed peaks at 26 values of 26.57, 33.89, 37.90, 38.06,
51.79, 54.74, 57.92, 61.92, 64.76, 66.05, 71.36 and 78.79° were
in good agreement with the corresponding crystalline [110],
[101], [200], [111], [211], [220], [002], [310], [112], [301], [202]
and [321] planes.>"*

The substantial broadening of peaks observed in all the
samples is an indication of the nanoscale nature of all the
samples.®® Diffraction peaks due to Ni are not observed in any
of the samples due to the low Ni loading percentage, which is
lower than the detection limit of XRD, and probably due to for-
mation of even smaller Ni nanoparticles/surface coatings on
the SnO, nanoparticles.

X-ray photoelectron spectroscopy

Analysis of the surface chemical and electronic states of the
pristine SnO, and Ni@SnO, nanostructure samples was
carried out using the XPS technique (Fig. 3). The XPS survey
spectra of both pristine SnO, and the 0.3%Ni@SnO, nano-
structure sample revealed the presence of characteristic peaks
due to the elements Sn and O, with an additional peak
assigned to Ni in the 0.3%Ni@SnO, nanostructure sample
(Fig. 3a). Further insights into the composition were obtained

Nanoscale, 2024, 16,17838-17851 | 17841
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Fig. 3 XPS spectra of pristine SnO, and 0.3% Ni@SnO, nanostructure samples. (a) Survey scan for both samples, and deconvoluted high-resolution
scans corresponding to the elements (b) Sn 3d and (c) O 1s for Pristine SnO, and (d) Ni 2p, (e) Sn 3d and (f) O 1s for the 0.3% Ni@SnO,

nanostructure.

from the high-resolution scans for the respective elements.

The high-resolution scans corresponding to Sn 3d (Fig. 3b and
e) displayed splitting of peaks into doublets attributable to Sn
3ds/, and Sn 3d;,, with values of 486.62 eV and 495.03 eV and
486.45 eV and 494.87 eV for the pristine SnO, and 0.3%
Ni@SnO, nanostructure sample, respectively.”*>"

The O 1s peak was observed to be fragmented into an
intense peak at 530.50 and 530.35 eV for pristine SnO, and
0.3%Ni@Sn0, nanostructure samples respectively as shown in
Fig. 3c and f, which could be assigned to O*~ bonded with
Sn**. Another peak at 531.37 €V in both these samples could
be ascribed to defect sites or vacancies.”®

The high-resolution scan for Ni of the 0.3%Ni@SnO, nano-
structure sample revealed multiple peaks (Fig. 3d). The pres-
ence of peaks at 872.95 eV and 856.16 eV were credited to Ni
2p splitting into Ni 2p;, and Ni 2p3,, orbitals, respectively.
The peaks at 860.93 and 874.42 eV are due to the presence of
satellite peaks. The generation of zerovalent Ni (Ni%) was con-
firmed by the existence of a peak at 852.8 eV attributable to
the reduction of the Ni precursor during electroless loading
process. Moreover, as a hydrogen adsorption site, the presence
of Ni® should promote high activity.>*>”

ICP-OES spectroscopy

Table 2 shows the ICP-OES analysis results for the Ni@SnO,
nanostructures, demonstrating that the experimental wt.%

17842 | Nanoscale, 2024, 16, 17838-17851

Table 2 ICP-OES composition results for Ni@SnO, nanostructure
powders
Ni weight % value

Sr. No. Calculated Observed
1 0.1% Ni@SnO, 0.102

2 0.2% Ni@SnO, 0.190

3 0.3% Ni@SnO, 0.294

4 0.4% Ni@SnO, 0.409

5 0.5% Ni@SnO, 0.492

loading of Ni was consistent with our theoretical calculations
performed during the Ni loading studies.

Raman spectroscopy

Classically, rutile phase SnO, with a tetragonal structure gives
rise to four basic Raman-active peaks centred at wavenumbers
of 633, 755, 782 and 477 cm™', which are characteristically
allocated to the Ay, By, By, and E, modes respectively.”®*
These modes were significantly observed in the pristine and
Ni@SnO, samples (Fig. 4 and Table 3). Moreover, a few
Raman-silent modes, such the forbidden modes A,; and By,
as well as the infrared active modes Eu (TO), Eu (LO) and A,,,
were also observed (Fig. 4b).*”6%%!

The presence of IR-active modes in the Raman spectra
could be associated with lattice imperfections and superficial

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Raman spectra of the prepared pristine SnO, and Ni@SnO,
nanostructure in the (a) 200-900 cm™ range (inset: 550-800 cm™
range) and (b) spectra of 0.3%Ni@SnO, nanostructures (inset:
200-900 cm™ range for pristine SnO, and 0.3%Ni@SnO,
nanostructure).

Table 3 Reported vs. observed Raman vibrational modes of pristine
SnO; and Ni@SnO, nanostructure samples

Sr. Reported vibrational modes and Observed modes and
No. their assignments®***** (em™) their assignments (cm™")
1 247.4 (E, (2) TO) 249

2 306 (Eu) 308

3 392.8 (Agg Silent) 392

4 430.4 ((E, (3) LO), IR active) 432

5 472.9 (Ey) 472

6 506 (Ay(TO), IR active) 507

7 544 (Byy) 544

8 631.6 (Asg) 631

9 691.7 (Asy) 689

10 774.2 (Byg) 773

defects primarily due to the nanoscale size of SnO,. However,
the intensity
modes were observed to decrease, while the intensity increased

of peaks associated with the Raman-active

This journal is © The Royal Society of Chemistry 2024
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for the IR-active peaks, owing to various processes during elec-
troless loading of Ni on the SnO, nanoparticle surface. Such
processes may lead to the generation of a non-stoichiometric
[110] plane reconstructed SnO, surface. Additionally, peaks
due to both the Raman and IR active modes were observed to
be shifted to slightly lower frequencies, which could be attribu-
ted to the presence of surface vacancies.®

UV-DRS spectroscopy

The bulk band gap (3.57 eV) of rutile-type SnO, is positioned
at the C-point of its Brillouin zone, corresponding to the direct
transition.”® The optical properties of the Pristine-SnO, and
Ni@SnO, nanostructures were evaluated using UV-DRS and
Tauc plots (Fig. 5). The Pristine-SnO, sample exhibited a band
gap of 3.72 eV, which is blue shifted relative to the bulk band
gap owing to its nanosized nature, as seen from the FESEM
and FETEM images. In the case of the Ni@SnO, nano-
structures, the band gap values decreased slightly (bathochro-
mic or red shift) upon increasing the Ni loading percentage
from 0.1 to 0.5%, which may be attributable to the generation
of defects and interaction between the d electrons of Ni** and

the electrons obtained from O®>~ and Sn**.6%%°

Photoluminescence spectroscopy

The PL spectra of the pristine SnO, and Ni@SnO, nano-
structures are shown in Fig. 6. At an excitation wavelength of
325 nm, all the samples exhibited two distinct broad emission
bands, a higher intensity one around 364 nm (UV region) and
another at 468 nm (visible region) having lower intensity. The
presence of a peak at 364 nm (3.40 eV) could be attributed to
the near-band-edge UV emission of the SnO, nanoparticles
due to the radiative recombination of conduction band elec-
trons and valence band holes. The visible region emission
peak around 468 nm (2.65 €V) could be attributed to the non-
radiative transition from defects such as interstitials and/or

Pristine Sn0,(3.72 ev)
—— 0.1% Ni@Sn0,(3.65 ev)
—— 0.2% Ni@Sn0,(3.61 ev)
—— 0.3% Ni@Sn0,(3.59 ev)
— 0.4% Ni@Sn0,(3.54ev)
— 0.5% Ni@Sn0,(3.53 ev) 4

(@hv)2 em1ev)2

’
’

777
A

T T T T T
3.00 3.25 3.50 3.75 4.00 4.25 4.50
Energy (eV)

Absorbance (a.u.)

250 300 350 400 450 500 550
Wavelength (nm)

Fig. 5 UV-DRS spectra (inset: Tauc plot) of pristine-SnO, and Ni@SnO,
nanostructures.
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468 nm
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380 400 420 440 460 480 500 520
Wavelength (nm)

340 360

Fig. 6 PL spectra of pristine SnO, and Ni@SnO; nanostructures.

vacancies forming inter-band trapped states.®® When Ni was
loaded on the SnO, nanoparticle surfaces, although similar PL
signatures were observed for all the samples owing to the ana-
logous lattice structure, an appreciable change in the intensity
ratios of the peaks in the UV and visible regions could be
noted.®® The intensity of the peak around 364 nm gradually
decreased with increasing the Ni loading from 0.1 to 0.5%, as
penetration of light was hindered. Although a reduction in the
intensity of the peak at around 468 nm was also observed, this
reduction was most pronounced for 0.3% Ni@SnO, nano-
structure sample. Thus, the Ni loading became a significant
parameter as PL peak intensity suppressor via the generation
of a non-radiative epicentre thwarting excessive e /h" pair
recombination.*® These effects aid not only in effective charge
separation, but also in carrier mobility improvement.®”

FTIR spectroscopy

Fig. 7 presents the FTIR spectrum of pristine SnO, and the 0.1
to 0.5% Ni@SnO, nanostructures. FTIR analysis was carried
out to examine the existence of functional groups and the
vibrational stretching of chemical bonds. Usually, peaks below
1000 cm ™" correlate with metal oxide bonds, and our samples
exhibited analogous results.®® A notable broad band in the
700-400 cm™" region is linked with the stretching modes of
the vibrations of crossed-over bonds between Sn-O-Sn and Ni-
Sn-O, indicating the formation of Ni-decorated SnO,
nanostructures.®””°

FESEM imaging

The surface morphologies of the prepared samples were exam-
ined using field emission scanning electron microscopy
(FESEM) as shown in Fig. 8. The low-magnification images
(Fig. 8a, c, e, g, i and k) corresponding to the as-synthesized
SnO, and Ni@SnO, powders prepared with varying compo-
sition showed the formation of brick-like micron-sized agglom-
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Fig. 7 FTIR spectrum of pristine SnO, and 0.1 to 0.5% Ni@SnO,
nanostructures.

erated morphologies. The FESEM images of the as-synthesized
SnO, and Ni@SnO, nanopowders at low magnification
revealed spherical, rod-like, and irregular faceted nanoscale
morphologies having sizes in the range of 30-60 nm (Fig. 8b,
d, f, h, j, and 1). In the Ni@SnO, nanopowders, the mor-
phologies of the SnO, nanoparticles are not pronounced,
which might be due to Ni nanoparticle loading/capping on
their surfaces. However, Ni nanoparticles could not be dis-
tinctly observed in the FESEM images, probably due to their
tiny size and capping.

FETEM imaging

FETEM images of 0.3%Ni@SnO, nanostructures are shown in
Fig. 9. The low-magnification image divulged the formation of
nanoparticles in the size range of 10-50 nm (Fig. 9a). The
intermediate-magnification images presented in Fig. 9b and c
revealed that the nanoparticles have spherical, irregular, hex-
agonal and faceted rod-like morphologies. Additionally, a few
nanoparticles having sizes of 5-7 nm were also observed. The
lattice images depicted in Fig. 9d and e reveal two important
features of Ni loading. Ni was found to partially overlay the
SnO, nanoparticle surfaces with a thickness of 1-2 nm and
length of 50-60 nm (Fig. 9d). Additionally, the formation of Ni
nanoparticles with a size of 5-7 nm over the SnO, nanoparticle
surfaces was also observed (Fig. 9e). The coating/formation of
Ni nanoparticles was confirmed by matching the lattice
spacing values of these coating/nanoparticles with JCPDS
d-values corresponding to the (111) and (200) planes of Ni.*>
High-resolution TEM images corresponding to 0.3%
Ni@SnO, nanostructures (Fig. 9d and e) disclosed the signifi-
cantly crystalline nature of the generated SnO, nanoparticles,
most of them possessing a single-phase nature with different
lattice orientations, as revealed from d-spacings of 3.26, 2.64
and 1.49 A assigned to the (110), (101) and (310) planes,
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Fig. 8 FESEM images of pristine SnO, (a and b) and 0.1 to 0.5%
Ni@SnO; nanostructure powders corresponding to Ni loadings of (c and
d) 0.1, (e and f) 0.2, (g and h) 0.3, (i and j) 0.4, and (k and |) 0.5% at low
and high magnifications, respectively.

respectively. Thus, FETEM analysis supports the symbiotic
manifestation of Ni on the SnO, surface.”*

The corresponding SAED pattern (Fig. 9f) revealed the
nanocrystalline nature of the 0.3%Ni@SnO, nanostructure,
observed as regular spots in the rings. Further, intermittent
diffraction rings in SAED pattern matching the (110), (101),
(201), (211), (220) planes evince SnO, nanoparticles as the
major contributor to the crystalline phase in the sample. The
absence of nickel-related phases corroborated the XRD ana-
lysis. However, although high-resolution lattice imaging con-
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firmed the presence of Ni nanoparticles, they could not be
observed via either XRD or SAED due to their relatively small
size and lower concentration.”?

EDS analysis equipped with elemental mapping was
employed to evaluate the compositions of oxygen, tin and
nickel, which matched approximately to the elements in 0.3%
Ni@SnO, nanostructure as per the stoichiometry (Fig. 10a and
b). Additionally, the elemental mapping images corresponding
to these elements revealed that Ni was uniformly deposited
over the SnO, surface (Fig. 10c, d and e).”

BET surface area analysis

The results pertaining to BET surface area analysis of pristine
SnO, as well as the Ni@SnO, nanostructures with respect to
nitrogen adsorption and desorption isotherms, BJH pore size,
etc., are presented in Fig. 11 and Table 4. Nitrogen adsorption—
desorption isotherms of type IV with H3 category hysteresis
loops were observed for the as-synthesized pristine and nano-
structure samples.”® The surface area was calculated to be
9.9 m* g~! with a pore diameter of 1.8820 nm for the pristine
SnO, sample. As the Ni loading was increased to 0.3%, the
surface area was found to increase gradually to 19.6 m> g~*
with a corresponding reduction in the pore diameter to
1.6769 nm, which might be due to the generation of tiny Ni
nanoparticles as observed in the FETEM images. Further
increasing the Ni loading led to a gradual decrease in the
surface area due to excessive Ni nanoparticle loading, which
filled the pores.”*

Photoelectrochemical study

Nyquist plot analysis furnishes a wide-ranging understanding
of the interactions among charge transfer kinetics, recombina-
tion processes, and catalytic activity in defining the efficacy of
hydrogen generation in photoelectrochemical systems. The
typical plot is presented as a semicircle of a complex impe-
dance plane, with superior potency indicated by a smaller
semicircle at higher frequencies, which signifies fast charge
transfer and a lower rate of recombination.”®

Pristine SnO, exhibited the largest semicircle, with an
electrochemical reaction resistance (R.) of 130 Q, while the
lowest value of 65 Q was observed for the 0.3%Ni@SnO,
composite (Fig. 12). The distinctly superior electrochemical
performance observed in the Nyquist plot for 0.3%
Ni@SnO, compared with lower and higher Ni loading con-
centrations accentuates its potential as a propitious conten-
der for photoelectrochemical hydrogen production appli-
cations (Fig. 12).

Faster charge transfer kinetics at the electrode-electrolyte
interface were demonstrated via the smaller semicircle in the
Nyquist plot for 0.3% Ni@SnO,, which enables efficient con-
version of photoexcited electrons to hydrogen ions, leading to
higher hydrogen evolution rates. At lower Ni@SnO, composite
surface deposition concentrations, the insufficient loading
levels lead to slower charge transfer kinetics, whereas at higher
loading concentrations of Ni, increased surface deposition
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Fig. 9 FETEM images of 0.3% Ni@SnO, nanostructures at low magnification (a); their HRTEM images (b), (c), (d) and (e); and the corresponding
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Fig. 11 BET surface area graphs corresponding to the relative pressure
for pristine SNO, and Ni@SnO, nanostructures (inset: pore size distri-
bution curve).

Table 4 BET surface area analysis of pristine SnO, and Ni@SnO, nano-
structure samples

BET surface Total pore

area volume BJH pore H, generation
Sample (m*g™ (em®g™)  size (nm) (pmolg ' h™)
Pristine SnO, 9.9 0.0872 1.8820 8.52
0.1% Ni@SnO, 13.2 0.1139 1.6899 16.2
0.2% Ni@SnO, 15.1 0.1266 1.6834 25.67
0.3% Ni@SnO, 19.6 0.1316 1.6769 49.98
0.4% Ni@SnO, 18.2 0.1346 1.6811 39.78
0.5% Ni@SnO, 17.3 0.1351 1.6817 28.4
80
—— Pristine SnO,
70 ——0.1% Ni@SnO,
——0.2% Ni@SnO,
60 J ——0.3% Ni@SnO,
—0—0.4% Ni@SnO,
gso J —o—0.5% Ni@SnO,
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Fig. 12 Nyquist plot for SnO; and 0.1 to 0.5% Ni@SnO, nanostructures.

causes reorganization or electronic effects that hinder charge
transfer; the optimum balance of both is achieved at 0.3% Ni
loading.
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Photoconductivity study

The I-V characteristics of pristine SnO, and 0.3% Ni@SnO,
photodetectors with a voltage sweep of —10.0 V to 10.0 V are
shown in Fig. 13a. The linear behaviour of all the I-V curves
confirmed the generation of ohmic contact between the
samples and the ITO electrodes. The observed photocurrents
for the pristine SnO, and 0.3% Ni@SnO, photodetectors
under the light illumination were 16.5 nA and 20.9 nA, respect-
ively, compared to 10.91 nA for the same measurement in the
dark for 0.3% Ni@SnO, photodetectors. The nickel loading on
the SnO, surface effectively improved the charge transport,
leading to an enhancement of the photocurrent. The photo-
response of the pristine SnO, and 0.3% Ni@SnO, based photo-
detectors at 0.5 V bias voltage is shown in Fig. 13(b) for five
cycles. Both the pristine SnO, and 0.3% Ni@SnO, sample
based photodetectors showed a swift response to light with a
constant and stable current over several cycles. The rise times
observed for the pristine SnO, and 0.3% Ni@SnO, photo-
detectors under light illumination and dark conditions were
found to be 800, 600 and 1200 ms, with corresponding fall
times of 1210, 1000 and 1800 ms, respectively. The presence of
nanoscale Ni loading on the SnO, surfaces improves charge
separation and introduces additional electrochemical reaction
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Fig. 13 (a) /-V characteristics and (b) photo-response of pristine SnO,
and 0.3% Ni@SnO, photodetectors.
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pathways or active sites, leading to an increase in the overall
photocurrent response.

Cyclic voltammetry (CV) profiles of SnO, and 0.3%
Ni@SnO, were obtained (Fig. 14) to further probe their photo-
electrochemical behaviour. Although the CV profiles did not
exhibit the rectangular shape typically associated with ideal
capacitive behaviour, the increase in current observed for the
0.3%Ni@Sn0O, as compared to pristine SnO, indicated an
enhancement in photoelectrochemical activity. The higher
current in the 0.3%Ni@SnO, revealed the generation of a
greater number of charge carriers and/or a more efficient
charge transfer process, which could be directly correlated
with an increase in charge storage capacity. Additionally, the
larger area enclosed in the CV curves of 0.3%Ni@SnO, signi-
fied higher capacitance, reflecting the material’s ability to
store and discharge more charge carriers.

Photocatalytic water splitting

Photocatalytic hydrogen generation trials were carried out by
employing the Ni@SnO, nanostructures under visible light
irradiation in the water splitting reaction facilitated by a 20%
aqueous methanol (v/v) solution, and the noteworthy con-
clusions are presented in Fig. 15. During the hydrogen evol-
ution process, methanol plays dual roles, primarily as a sacrifi-
cial reagent to efficiently subdue the oxygen evolution rate,
and secondly, participating in an irrevocable reaction with the
photogenerated valence band holes from the semiconductor to
reduce the rate of charge carrier recombination, which, in
turn, assists in the amplification of photocatalytic activity.”®
For the pristine SnO, sample, a maximum hydrogen pro-
duction of 24 pmol g™* (in 3 h) was found, which was the smal-
lest among all the samples (Fig. 15). The hydrogen production
rate of Ni@SnO, nanostructures at lower Ni loading concen-
trations were substantially small but exhibited a noteworthy
increase with higher loading until the 0.3%Ni@SnO, nano-
structure sample. Above 0.3% Ni loading, a steady decline in

80 1 ° SnO,
0.3% Ni@SnO,

Current (LA)

_100 1 L 1
-06 -04 -02 0.0 0.2 0.4 0.6

Potential (V)

Fig. 14 C-V measurement of pristine SnO, and 0.3% Ni@SnO,
samples.
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Fig. 15 Photocatalytic hydrogen generation rates of the prepared pris-
tine SnO, and Ni@SnO, nanostructures.

the hydrogen production was noted. The hydrogen generation
data for all samples are summarized in Table 1, and the
highest hydrogen evolution rate was detected for the 0.3%
Ni@SnO, nanostructure with a value of 49.9 pmol h™* g™
which is ~6 times higher than that for the pristine SnO,
sample. The achieved photocatalytic water splitting value for
the 0.3%Ni@Sn0O, nanostructure was found to be on par with
reported values, as presented in Table 5. It may be noted that
most of the reports presented in Table 5 deal with the doping
of SnO, with different materials. However, doping may not be
an efficient process, due to the non-uniform distribution of
dopants. Additionally, there are a few reports on the use of
noble metals such as platinum on the SnO, surface, which
makes the process uneconomical.

This increase in the photocatalytic performance can be
attributed to the loading with Ni, an efficient noble metal (Pt)-
free co-catalyst, effecting swift and effortless charge separation
for surface-activated SnO, semiconductor nanoparticle bands.
It may be noted that Ni not only acts as a co-catalyst, but also
interacts electronically, as inferred from Raman, UV-visible

Table 5 Comparison of photocatalytic performance of Ni@SnO, nano-
structures with reported SnO, composites

H, generation

Sr. yield pmol g™*

No. SnO,-based Material h™! Ref.

1. Boron-doped SnO, 63.6184 70

2. Carbon-doped SnO, 38.43 82

3. N-doped SnO, 42.5 83

4.  Pt/Ni(OH),SnO, 0.9 26
Pt/Ni(OH),-Ni,0;-Sn0, 10.8

5. Ce-doped SnO, nanoparticles 25 84

6.  ZnO-SnO, thin films 14 (umol h™") 85

7. BiVO, quantum dot decorated 1.16 (pmol 86
screw-like SnO, nanostructures ~ h™' cm™?)

8. 0.3% Ni@SnO, 49.98 Present work
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and PL spectroscopic data, probably creating directional
charge transfer channels.”” The strong electronic interface
between Ni-related surface states (playing a role similar to a
dopant) and the SnO, matrix material states through these
channels affects the surface acceptor states, with ensuing nega-
tive charge at the semiconductor surface.*

The photocatalytic water splitting mechanism comprises
sunlight absorption by semiconductor photocatalysts (SnO,)
transferring electrons from the valence band (VB) to the con-
duction band (CB), leaving behind holes in the VB. These
holes produce protons (H') and radicals via the oxidization of
methanol.”® Simultaneously, generation of molecular hydro-
gen by the reduction of protons through the electrons of the
CB occurs by means of a sequence of reactions.”” However,
this process occurs if rapid recombination of electrons and
holes is retarded. In case of the pristine SnO, sample, the
observed low H, production is attributable to the rapid recom-
bination of such photogenerated charges. In the case of the
Ni@SnO, nanostructures, the significant enhancement in the
hydrogen evolution with varying nickel loading concentrations
in SnO, can be ascribed to several aspects. Initially, the
increase in nickel loading from 0.1% to 0.3% enhanced the
density of active sites available on the surface of the SnO,
nanoparticles, which facilitated effective hydrogen evolution
reaction (HER). Additionally, nickel acts as a co-catalyst for the
HER due to its ability to adsorb hydrogen atoms and enable
their combination to form hydrogen molecules, eliminating
the need for the expensive Pt co-catalyst. At lower Ni loading
concentrations, the presence of nickel enhances the catalytic
activity of the SnO, surface, promoting the HER. However,
beyond 0.3% Ni loading, excessive nickel may result in the for-
mation of inactive nickel clusters causing catalytic poisoning,
leading to a decline in the catalytic activity and consequently,
in the hydrogen evolution rate.

Noble metals such as Au, Ag, Pt, etc., have been reported to
alter the electron distribution to improve SnO,-based photo-
catalytic H, production.>® The conduction band level of the
target matrix SnO, (—0.42 eV), is higher than that of Ni (-0.23
eV) above the H, evolution potentials, forming a Schottky
barrier at the contact interface. Electrons drift from the high
energy levels of SnO, to Ni, which acts as an electron acceptor,
confining the electrons, which in turn averts photogenerated
charge carrier recombination.®>®" Consequently, the efficiency
of photocatalytic H, production by autocatalytically deposited
Ni on the SnO, photocatalyst surface was found to be greatly
enhanced.**

It is worth noting that the obtained photocatalytic hydrogen
production data was substantiated by the PL spectroscopy and
BET results. In the PL results, the intensity of peaks corres-
ponding to near-band-edge UV emission (364 nm) and defects
(468 nm) were quenched due to generation of a non-radiative
epicentre (Fig. 6). Additionally, the BET surface area increased
until the Ni loading reached 0.3% and then decreased for the
Ni@SnO, nanostructures. Both these effects eventually
affected the photocatalytic hydrogen production. CV data pro-
vided substantial evidence that Ni loading enhanced the
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charge capacitance of SnO,, indicating better electrochemical
performance. However, further optimization is needed to
achieve efficient solar hydrogen production.

Conclusion

A hitherto unreported Ni@SnO, photocatalytic system active
under visible light was prepared by the co-precipitation syn-
thesis of SnO, nanoparticles followed by autocatalytic Ni
loading. The nickel loading was varied from 0.1 to 0.5 wt% on
surface-activated SnO, nanopowders. Ni was uniformly de-
posited as nanoparticles and surface coating onto the SnO,
nanopowder surface, as confirmed by FETEM equipped with
EDS as well as XPS spectroscopy. The Ni** loading on the SnO,
nanopowder surface quenched the PL peak intensity and
modified the defect band structure, leading to efficient photo-
generated charge carrier separation. The significant improve-
ment in photocatalytic H, production for the Ni@SnO, nano-
structures compared to the pristine SnO, nanoparticles could
be ascribable to Schottky barrier formation between SnO, to
Ni and subsequent transfer of photogenerated electrons from
the semiconductor to the metal. A maximum hydrogen gene-
ration of ~50 pmol g~* h™" was recorded for the 0.3%Ni@SnO,
nanopowder, which was almost ~6 greater more than the
8.52 umol g~' h™" obtained for the pristine SnO, nanopowder.
The present work highlights the efficacy of the autocatalytic
deposition technique in producing a hitherto unreported
effective  and economical Ni@SnO,-nanostructure-based
heterogeneous photocatalyst. We optimistically believe that the
autocatalytic deposition technique elaborated in the present
study will represent an innovative pathway for surface decora-
tion of exceedingly competent heterogeneous photocatalytic
systems for semiconductor materials.
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