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Herein, we report on the effect of the precursors on the structural, morphological, and optical properties of
niobium selenide using the heat-up colloidal method. The metal precursor was varied from the
conventional NbCls to NbFs whilst Se, SeO,, and selenourea were used as the selenium precursors. The
NbCls and NbFs resulted in the formation of NbSe, and Nb,Seg respectively. While maintaining the two
different metal precursors and varying the selenium precursor from Se, SeO, to selenourea, the
properties of NbSe, and Nb,Seg changed slightly, however the effect of changing the selenium
precursor was less pronounced than changing the metal precursors. From the XRD and XPS, the NbSe,
nanostructures were more susceptible to oxidation than Nb,Seg as Nb,Os was observed in the XRD and
the percentage of M—O in the XPS was much higher in NbSe,. NbSe, formed nanoflowers whilst Nb,Seqg
formed rods with 3.29 eV and 2.43 eV band-gaps, respectively. Also, the band-gaps were red-shifted as
the selenium precursors were varied. The NbSe, nanoflowers and Nb,Seg nanorods were used as

counter electrodes in dye-sensitized solar cells. Two methods were used to fabricate the counter
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exfoliation of bulk NbSe, to form nanosheets.*® A summary of
the various synthetic routes that have been used to synthesize

1. Introduction

(cc)

2D layered materials such as MoSe,, WSe,, and graphene are
fast becoming some of the most interesting materials. Their
unique properties such as optical, electronic, and tribological
properties have resulted in their use in various applications and
technologies including photovoltaics, field-effect transistors,
biosensors, and lubricants to name a few.'” The research into
these materials is forever expanding and less explored materials
are being investigated. One such material is niobium selenide.
Niobium selenide is a layered transition metal chalcogenide
material that crystallizes in many stoichiometric forms such as
NbSe,, Nb,Se, Nb,Se;, NbSe;, NbzSe, and Nb,Ses. The
syntheses of these materials have been largely confined to solid-
state syntheses such as the direct reaction of Nb metal with Se in
a sealed quartz tube at elevated temperatures and the
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these materials is tabulated in Table 1. However, as much as
these techniques have been successful in synthesizing NbSe,
and Nb,Sey, they have limitations such as the need for high
temperatures and pressure; as such, there is room for
improvement. There have been a few reports on the colloidal
synthesis (heat-up or hot-injection) of niobium selenide.

Sekar and co-workers reported on the synthesis of NbSe,
nanoplates and nanowires using the heat-up colloidal method.
Different morphologies were formed by quenching the hot
reaction mixture at different temperatures.** Also recently, Guo
et al. reported that upon changing the cooling rate, the
morphology changed from spherical NbSe, to nanorod NbSe,.*
The colloidal synthesis involves the thermolyzation of precur-
sors in a high boiling solvent to yield nanomaterials with
controlled sizes and shapes. The formation of the nano-
materials is governed by the Lamer and Dinegar growth mech-
anism, where initially, nucleation occurs followed by the growth
of the nuclei.” In the heat-up colloidal method, all reagents are
mixed at room temperature and then heated up controllably to
initiate the nucleation and growth of the nanoparticles. At room
temperature, the reaction mixture is comprised mainly of
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Table 1 Summary of the different methods used to synthesize niobium selenide materials, specifically Nb,Seg and NbSe,
Material Synthetic method Properties Reference
NbSe, (a) mechanical exfoliation (a) 1 pm to 30 um with a thickness less than 2 um 7

(b) liquid exfoliation (b) micro/nanoplatets range from 0.1 pm to 25 pm 8

with a thickness less than 1 pm

(c) RF magnetron sputtering (c) 1.5 um in thickness 9

(d) chemical vapor transport (d) 10 mm flakes 10
Nb,Seq (a) flux method (a) 117 nm to 547 nm nanowires 11

(b) mechanical exfoliation (b) 30 nm to 160 nm flakes 12

(c) sintering in evacuated quartz tube (c) single crystals 13

precursors. These convert to monomers upon heating and this
initiates the nucleation process. Further heating results in the
growth of these nuclei into mature particles. The growth of the
nanoparticles is quenched by removing from the heat.

Careful consideration of the choice of precursors and
ligands is therefore required in the heat-up method to ensure
that nucleation is rapid to generate large quantities of nano-
sized nuclei within a relatively short time and that the appro-
priate decoupling of the nucleation and growth stages occurs to
reduce particle polydispersity.”” In addition, different precur-
sors can result in different properties of the nanostructures.
Herein, for the first time, we report on a systematic study on the
effect of the precursors on the structural, morphological, and
optical properties of niobium selenide using the heat-up
colloidal method. Both the metal precursors and the selenium
precursors were investigated. The metal precursor was varied
from the conventional NbCl; to NbF5; whilst Se, SeO,, and
selenourea were used as the selenium precursors. Furthermore,
we elucidate the mechanism of formation for both NbSe, and
Nb,Sey nanostructures.

Inorganic nanomaterials have been used in solar cells for
different roles ranging from absorber-layers to buffer layers, to
sensitizing material in quantum dot sensitized solar cell and
counter electrodes (CEs) in dye-sensitized solar cells (DSSCs).*®
This is due to their unique properties such as material diversity,
abundance, low cost, high catalytic activity, and ease of modi-
fication.”® For dye sensitized solar cell CEs, Pt has been the
benchmark due to its good conductivity and superior catalytic
activity towards the reduction of triiodide (I;7) to iodide (I").
However, Pt is an expensive noble metal and is susceptible to
corrosion by the electrolyte over time. Therefore current studies
are focused on finding alternatives to Pt. 2D materials have been

of interest due to their high optical transparency and high
catalytic activity.” Liang et al. used ultrathin MoS, nanofilms as
CEs in DSSCs where their cyclic voltammetry revealed that they
possessed excellent catalytic activity towards the reduction of
I3~ .*° Ibrahem et al. and Guo et al. reported on the use of NbSe,
nanosheets as CEs in DSSCs with solar conversion efficiencies
of 7.73% and 7.34%, respectively.*»** Herein, NbSe, nano-
flowers and Nb,Se, nanorods were investigated as potential CE
for DSSCs.

2. Experimental section
Chemicals

Niobium(v) chloride 99%, niobium(v) fluoride 98%, elemental
selenium powder, 99.9% selenium dioxide, 98% selenourea
(SU), 70% oleylamine (OLA), 95% hexane, 96% ethanol, 98%
toluene, 99% isopropanol, 96% methanol, 99.9% acetonitrile,
99.9% lithium iodide, 95% lithium perchlorate, 99.9% sodium
iodide, 99.8% iodine, 98% 4-tert-butylpyridine, fluorine doped
tin oxide (FTO, 7 Q sq~ "), white titania paste (TiO,, 20.0 wt%),
and N-719 dye (95%) were all purchased from Sigma-Aldrich.

Syntheses of niobium selenide nanostructures

Varying the metal precursor. Oleylamine was placed in
a three-necked round bottom flask and degassed for 15 min.
This was followed by a 1 : 4 stoichiometric addition of NbCl; or
NbF; and Se. The mixture with a concentration of 0.125 M was
further degassed for 10 min under vigorous stirring before
being heated to 320 °C. After 120 min the mixture was cooled
naturally to room temperature and the black precipitate was
washed with large amounts of ethanol and hexane mixture, air-
dried, and ready for characterization.

Table 2 Summary of the reaction conditions for the synthesis of NbSe, and Nb,Seg nanostructures

Sample Metal precursor Selenium precursor Capping agent Concentration Temperature Time

1 NbCls Se OLA 0.125 M 320 °C 120 min
2 NbF5 Se OLA 0.125 M 320 °C 120 min
3 NbCls SeO, OLA 0.125 M 320 °C 120 min
4 NbCl; SU OLA 0.125 M 320 °C 120 min
5 NbF5 SeO, OLA 0.125 M 320 °C 120 min
6 NbF5 SU OLA 0.125 M 320 °C 120 min
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Varying the selenium precursor. The same procedure as
above was followed; however, the selenium precursors were
varied to SeO, and SU. The summary of all the reaction
parameters is tabulated in Table 2.

Characterization of the nanostructures

The structure and phase of the powdered materials were
determined with the Bruker MeasSrv (D2-205530)/D2-205530
diffractometer using secondary graphite monochromated
CuKa radiation (A 1.54184 A) at 30 kV/30 mA. Measurements
were taken using a glancing angle of incidence detector at an
angle of 2°, for 26 values over 10-90° in steps of 0.026° with
a step time of 37 s and at a temperature of 25 °C. X-ray photo-
electron spectroscopy measurements were performed with
a Thermo ESCAlab 250Xi using monochromatic Al Ko (1486.7
eV) X-rays at a power of 300 W with a spot size 900 pm. The
morphologies were studied using an FEI Nova Nanolab 600 FIB/
SEM scanning electron microscope (SEM) equipped with an
EDX detector.

The powder samples were mounted on aluminium stubs
with carbon tape. An FEI Spirit 120 kV transmission electron
microscope (TEM) equipped with an EDX detector operated at
an acceleration voltage of 200 kV with a beam spot size of 20—
100 nm in TEM mode was also used. The particles were
dispersed in hexane and drop-casted onto a lacey carbon copper
grid. The solvent was then evaporated at room temperature. A
Specord 50 Analytik Jena UV-vis spectrophotometer was used to
carry out the absorption measurements. The particles were
dissolved in hexane and placed in a quartz cuvette (1 cm path
length).

Fabrication of the counter electrodes

The nanoparticles were dissolved in toluene and the mixture
was sonicated for 30 min to form an ink. The FTO-glass
substrate was cleaned with soap-water and sonicated for
15 min. The slides were rinsed with distilled water and soni-
cated further for another 15 min and lastly with isopropanol
and sonicated for 15 min. The slides were left to dry before the
ink was deposited onto them. Two methods for depositing the
ink were used:

(i) Drop-casting: the ink was drop-casted onto a clean FTO-
glass slide and left to dry at room temperature. The thin film
was baked for 60 min at 120 °C in an oven.

(ii) Spin-coating: the ink was deposited onto the substrate
and a spin-coater CHEMAT technology KW-4A was used to
spread the ink uniformly. The thin film was baked for 60 min at
120 °C in an oven.

The Pt-CE was formed by sputter-coating three coats of Pt
onto a clean FTO-glass slide using a Cressington 108auto/SE
sputter coater with a thickness controller MTM-20. A 50 nm Pt
film was formed.

Photoanode fabrication

Titania (TiO,) paste was printed onto pre-cleaned FTO
substrates using the doctor blade method. The screen-printed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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substrates were then annealed at 350 °C for 30 min to remove
any residual organic compounds and enable better contact
between TiO, and the N-719 dye. The N-719 dye was then dis-
solved in methanol (3.0 x 10~* M) and used to sensitize the
TiO,. A drop of the dye mixture was placed onto the annealed
TiO, and left to dry overnight, in the dark at ambient
conditions.

Device assembly

The photoanode electrode was placed with the active layer
facing up and the counter electrode facing down. The two
electrodes were offset from each other and the Whatman filter
paper was placed in between to define the active area and act as
a sponge for the supporting redox electrolyte solution. The
supporting redox electrolyte solution, which provides a negative
electrochemical potential for the reduction process, was
composed of 0.05 M iodine, 0.1 M lithium iodide, 0.1 M
potassium iodide, 0.1 M sodium iodide and 0.5 M 4-tert-butyl-
pyridine. The assembled device was held together lengthwise by
the fold back clips on both sides to create uniform distribution.

Characterization of the electrodes

Cyclic voltammetry (CV), electrochemical impedance (EIS), and
Tafel polarization measurements were done using Biologic:
VMP 300. A three-electrode system was used to conduct the CV
measurements using the triiodide (I"/I;") redox electrolyte
composed from 0.1 M LiClO,4, 0.01 M LiI, and 0.001 M I, dis-
solved in anhydrous acetonitrile using Pt as the counter elec-
trode, Ag/AgCl as the reference electrode and the synthesized
NbSe, and Nb,Sey as the working electrodes after being drop-
casted on a glassy carbon electrode (GC, active area ~ 0.07
cm?), platinum (Pt, active area = 0.05 cm?), and FTO (active area
~ 1.56 cm®), respectively. EIS measurements were obtained
using a symmetrical cell with two identical electrodes in the
redox electrolyte used for DSSCs in the dark. The electrodes
were analysed between 100 kHz and 100 MHz at varying open
circuit potentials for each sample. The Tafel polarization anal-
ysis was conducted at a potential window of —1.0 to 1.0 V with
a scan rate of 100 mV s '. The photocurrent-voltage (/-V)
characteristic curves of the DSCCs were measured in ambient
conditions using the HP 4141B source measure unit (SMU)
under controlled illumination of 100 mW cm™> (AM 1.5G).

3. Results and discussion
Varying the niobium precursor

Metal precursors have been shown to influence the properties of
nanostructures due to their reactivity. Metal chlorides, acetate,
and nitrates have been commonly used as precursors for
synthesis of both metal chalcogenides and oxides. Herein, the
effect of using NbCl; and NbF; on the resultant nanostructures
was investigated. Shown in Fig. 1 are the X-ray diffraction
patterns of particles synthesized by varying the niobium
precursor. The use of NbCl; resulted in the formation of 2H-
NbSe, (PDF 01-070-5612) and also oxide impurities in the form
of T-Nb,Os denoted by # (PDF 30-0873). Changing the precursor

RSC Adv, 2021, 11, 31159-31173 | 31161
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Fig. 1 XRD patterns of particles synthesized from NbCls and NbFs precursors.

to NbF;5 resulted in the formation of Nb,Se, (PDF 01-078-1383), containing polymeric layers with the Nb-layer sandwiched
with no impurities detected. between two Se-layers (i.e. Se-Nb-Se). The Nb and Se atoms are

The two stoichiometries (NbSe, and Nb,Seo), differ in covalently bonded whilst each polymeric layer is held together
structure as shown in Fig. 2. NbSe, has a crystal structure by weak van der Waals interactions. The layers are closely
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Fig. 2 Chemical structure of NbSe, and Nb,Seg layered materials.
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Fig. 3 Raman spectra of NbSe, and Nb,Seg materials synthesized from when varying the niobium precursors.

packed and the arrangement of up to 6 layered structures has
been reported.*® The weak van der Waals forces are responsible
for the easy sliding of the layers relative to one another, thus
providing a favourable matrix for intercalation reactions and
exfoliation.** The coordination around the Nb atom can either
be a distorted octahedral or trigonal prismatic.>® On the other
hand, Nb,Sey is a new 1D material made up of periodically
stacked single-chain atomic crystals, which form the inorganic
bulk of the crystals due to strong covalent bonds within the
chain and weak van der Waals interaction between the chains,
as shown in Fig. 2.* It is similar to the structure of NbSe, but it
has chains and not polymeric sheets. Each Nb,Sey chain is

T
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Fig. 4 XPS survey spectra of NbSe, and Nb,Sey when varying the
niobium precursors.

© 2021 The Author(s). Published by the Royal Society of Chemistry

made up of Nb,Se,-Ses-Nb,Se,-Ses sequence along the c-
axis.”**® Nb,Se, forms a cage, each Nb atom is surrounded by
one Ses and two Se, units thus coordinated to eight Se atoms.*
Therefore, Nb can be considered to have bicapped-trigonal
prismatic coordination around it. The Nb atoms form non-
linear chains because of the alternating long and short bonds
with distances of 3.76 A and 2.89 A, respectively.>®

The Raman spectra for NbSe, and Nb,Se, are shown in Fig. 3.
The NbSe, spectrum has two characteristic peaks, the out of
plane A, peak and the in plane E,, peak at 225 and ~245 cm ™",
respectively.”® On the other hand, the vibrational modes of
Nb,Se, were at 239.62 cm™* due to two Nb atoms vibrating
along the (101) plane and the two Se pairs with a stretching
motion.?” The second vibrational motion at 284.18 cm ™" was
due to two pairs of stretching Nb atoms crossed and all the Se
atoms vibrating in the outward direction at the same time.?®

To further elucidate the structures, XPS was undertaken.
Shown in Fig. 4 are the XPS survey spectra of the as-synthesized
particles. Both spectra showed the presence of Nb, Se, C and O.
The C is due to the capping agent and the O is because of the
oxidation of the capping agent as well as the Nb,Os in the NbCl;
derived particles as observed in XRD.

To fully understand the chemical species present, high-
resolution spectra were recorded. The C1s and O1s for both
NbSe, and Nb,Se, particles showed a presence of C-C, C-O, and
C=0 emanating from the capping agent (Fig. 1St). The C-O
and C=O0 bonds are indicative of oxidation of the capping
agent.” As such the capping does provide a protective layer and
hence minimizes the oxidation of the core inorganic particle.
Nevertheless, some oxidation of the inorganic core was
observed as evidenced by the detection of an M-O species in
both NbSe, and Nb,Se, O1s core level spectra. The extent of the
oxidation is however different. The NbSe, was more oxidized
than Nb,Se, as shown in Table 3 and also observed as T-Nb,O;
in the XRD pattern.

Fig. 5 shows the Nb3d and Se3d core-level spectra of NbCls
and NDbFs derived NbSe, and Nb,Se, nanostructures respec-
tively. The NbSe, Nb3d core level spectrum showed three
components, composed of the Nb*"3d;, (203.0 eV), the
Nb>*3ds, (206.9 eV) and the Nb>*3d;,, (209.3 eV). The Nb**3d;,

RSC Adv, 2021, 11, 31159-31173 | 31163
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Table 3 Summary of the atomic composition and stoichiometric
assignments obtained from the fitting of the XPS spectra reported in
ESI Fig. 1S and 5

Peak
binding
Precursor Element Atomic% energy (eV) Assignments Assignment%
NbCl; C 85.3 284.8 c-C 78.6
286.3 c-0 4.7
288.8 0-C=0 1.9
o 10.2 530.2 M-O 5.4
531.7 c=0 4.1
533.3 c-0 2.4
Nb 2.9 203.0 Nb**3ds,, 0.1
206.9 Nb**3d;), 1.5
209.3 Nb>*3d,,, 0.4
Se 1.5 53.4 Se3ds,, 0.7
55.5 Se3ds), 0.6
NbF; C 77.9 284.9 c-C 59.5
286.2 c-0 6.0
288.7 0-C=0 4.1
o 13.3 530.1 M-O 2.8
531.8 c=0 5.5
533.6 c-0 4.4
Nb 2.5 203.6 Nb**3d;), 1.6
206.3 Nb**3ds,, 1.6
207.3 Nb>*3d,,, 1.3
210.1 Nb>*3ds,, 1.6
Se 6.3 54.2 Se3ds,, 8.3
55.4 Se3ds), 3.7
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and the Nb*'3d;, peaks corresponded to NbSe, while the
Nb>*3ds/, corresponded to Nb,Os. These results were consistent
with work reported by Boscher et al.*® The NbSe, Se3d core level
spectrum showed two peaks all attributed to the NbSe,.

For Nb,Sey, the Nb3d core level spectrum showed four peaks
assigned to Nb**3d;,, (203.6 €V), Nb**3d5, (206.3 eV), Nb>*3d;/,
(207.3 eV), and Nb>*3d;/, (210.0 eV) corresponding to Nb,Se,
and Nb,Os similar to the NbSe, spectrum. The XRD pattern of
NbFs derived particles showed no evidence of Nb,Os. This
suggests that the extent of metal oxidation is not as pronounced
in Nb,Seq since XRD is a bulk technique. The % composition of
the present chemical species is summarized in Table 3. The %
atomic composition of O was more in NbFs derived particles
compared to NbCls; derived particles (13.3% and 10.2%
respectively), however from the assignment%, NbFs derived
particles had the least amount attributed to M-O (2.8%) sug-
gesting that most of the oxidation occurred in the organic
capping layer.

The nature of the capping of the nanostructures can be
further investigated using FT-IR and spectroscopy. The FT-IR
spectra of the as-synthesized OLA-capped NbSe, and Nb,Se,
nanostructures are illustrated in Fig. 6. Three main functional
groups were identified in pure OLA. These functional groups
were C-N, CH,/CH; and N-H. The C-N and N-H peaks located
at 1071 cm ' and 1593 cm ™ respectively, decreased in intensity
in the NbSe, spectrum compared to the pure OLA. On the other

Intensity (cps)

Intensity (cps)

212 208

Intensity (cps)

26 | 212 208 204 200 216 204 200 19
Binding energy (eV) Binding energy (eV)
T ¥ T T 24 T T T T
NbSe, Se3d |
Se3dy2  Sesay,

Intensity (cps)

Binding energy (eV)

60 58 56 54 52 50
Binding energy (eV)

Fig. 5 Nb3d and Se3d XPS core-level spectra for NbSe, and Nb,Seg when varying the niobium precursors.

31164 | RSC Adv, 2021, 11, 31159-31173

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10894d

Open Access Article. Published on 21 September 2021. Downloaded on 6/13/2026 3:12:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
— T T T T T T T T T
g - -
8
c
£
£
[7]
c
S| i
'—
| —OLA |
cH, 2
L -n C-H 2 -l
L 1/ i
I 1 1 1 L 1 L 1 1 1 "
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm”)
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hand, in the FT-IR spectrum of Nb,Ses, the C-N peak dis-
appeared and the N-H peak was shifted as well as broadened
compared to the pure OLA. This confirms that there is a change
in the terminal functional group (-NH,) in OLA. As such, this
further confirms that OLA has capped the surface of these
nanostructures.*

To study the morphological properties of the resultant
materials, SEM and TEM studies were undertaken. Shown in
Fig. 7 are the SEM and TEM images of the particles synthesized
from the two metal precursors. The NbSe, particles showed
sheet-like morphology. This is consistent with 2D layered
materials. From SEM, the sheets are arranged in a flower-like
pattern. Colloidal synthesized nanosheets tend to have high
surface energies hence they fold over each other forming
architectures such as the nanoflowers to minimize the surface
energy.** Although the focus of many studies has been on flat
nanosheets, assembly into 3D nanoflowers has advantages such
as high specific surface area, broad internal space, mechanical
stability, and easy accessibility to catalytically active sites.** The
presence of many edge sites is advantageous for electrocatalytic
applications as edge sites are more catalytically active than the
basal planes of the material.** On the other hand, NbF5 derived
particles showed rod-like morphology. The rod-like structures
are consistent with the crystal structure of Nb,Sey shown in
Fig. 2. This is also in line with the work reported by Lee et al.*

To study the optical properties of the resultant materials, UV-
vis absorption spectroscopy was undertaken and the results are

Fig. 7 SEM and TEM micrographs of NbSe, and Nb,Seg when varying the niobium precursors.
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Fig. 8 UV-vis absorption spectra and Tauc plot of NbSe, and Nb,Seg when varying the niobium precursors.

shown in Fig. 8. The band-gap of NbSe, (3.29 eV) was firmly on
the UV region while the band-gap of Nb,Sey was in the visible
region (2.43 eV). This suggests that by altering the precursor,
one can alter the optical properties.

Based on the obtained results, the mechanism of formation
of NbSe, and Nb,Se; was deduced. In the colloidal heat-up
method, the decomposition of the precursors (Fig. 9) drives
the formation of the nuclei. Based on the HSAB theory, Nb>* is
a hard Lewis acid, and F~ is a harder Lewis base compared to
Cl™, as such, Nb>" forms a more stable complex with F~ than
Cl™.* As a result, the decomposition chemistry of the two
compounds will be different. Nb>* has tightly held outer elec-
trons and vacant orbitals available that are not too high in
energy. These orbitals can accept electrons from the ligand such
as F to form 7 bonds.*® Also, pentahalides have diversity in their
structure. For example, NbCl; has a dimer structure (i.e. two Cl
bridges)*® whereas NbFs has a tetramer structure (i.e. four F

NbF;5
NbCls .
F
Foog
cl cl F,”' . /.N w F
cl F 'Nb\/ ™ T
ClrteghCli L I Fr
CI/Nb\CI,,Nb\Cl l N | /\Nb"“‘ F
\ / AN TS,
¢ A
F

Fig. 9 Molecular structure of NbCls and NbFs.
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bridges) within a single unit cell (Fig. 7).*” In a typical dimer,
there are (NbCl;), units, the bridge-bonds are longer and weak
which causes the axial bonds to bend inward.*® A tetramer
structure of NbFs contains (NbFs), units, each unit are con-
nected by an F-bridge forming a square.*® Hence, the nucleation
and growth process of nanoparticles will be affected. The
formation of NbSe, and Nb,Sey from NbCl; and NbF; respec-
tively occur based on the following reactions:

2NbCls + 4Se — 2NbSe; + 5Cl, (1)

(2)

Using the TEM images of NbSe, and Nb,Sey at different time
intervals as shown in Fig. 10, the mechanism for the formation
of the different morphologies is postulated. NbSe, nanoflowers
begin with the formation of layered flocculates after 5 min
which is essentially the starting material. Savjani et al. reported
that MoS, initially forms flocculates, which are known to have
lateral dimensions ranging from hundreds to thousands of
nanometers.** Guo et al. reported that the formation of nano-
sheets is due to low supersaturation which allows growth to
occur in two directions.” These lateral flocculates, slide over
one another due to the weak van der Waals forces and begin to
curl as shown in the 30 min sample. Finally, after 120 min
nanoflowers are formed by completely curled nanosheets.
Nb,Seo nanostructures form quicker than NbSe, nanostructures
as rods were already observed at 5 min. The formation of the
rods is also postulated to form from layered flocculates and

2NbF5 +9Se — szseg + 5F2

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Formation mechanism of NbSe, and Nb,Seg when varying the niobium precursors.

these flocculates also slide over each other similar to NbSe,,
however, the sliding is not as pronounced. This is shown by the
unevenness of the edges of the rods in the 5 min TEM image.
After 120 min, the flocculates slide next to each forming chains
that result in elongated rods. This is synonymous with the

View Article Online
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like particles on the image are thought to be Nb,Os

nanoparticles.

Varying the selenium precursor

chain-like crystal structure expected for Nb,Seo. The small dot-

Seeing that changing the metal precursor resulted in the
formation of different niobium selenide crystal phases hence
properties, the selenium precursors were also varied. Three
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Fig. 11 XRD patterns of NbSe, and Nb,Seg when varying the selenium precursors.
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Fig. 12 SEM and TEM images of NbSe, and Nb,Seg when varying the selenium precursors.

precursors were used, namely elemental selenium (Se), selenium
dioxide (Se0O,), and selenourea (SU). Selenium is a non-metal that
has similar properties to sulfur and tellurium. SeO, is a one-
dimensional polymer that consists of alternating selenium and
oxygen atoms. Each Se atom is pyramidal and bears a terminal
oxide group. The stereochemistry at Se alternates along the poly-
mer chain hence resulting in a syndiotactic polymer.* Selenourea
is an organoselenium compound. This compound features an
unhindered carbon-selenium double bond.

Shown in Fig. 11 are the X-ray diffractograms of NbSe,
nanostructures emanating from NbCl; and different selenium
precursors. The particles synthesized using Se as previously
shown in Fig. 1 and SeO, were indexed to a hexagonal 2H-NbSe,
phase (PDF 01-070-5612) indicated by the black Akl indices.
Also, there were three high-intensity peaks (#) between 26 values
15-25° indexed to an orthorhombic phase of T-Nb,O5 (PDF 30-
0873). On the other hand, the particles synthesized from SU
precursor were pure and consistent with a rhombohedral phase
3R-NbSe, (PDF 01-070-1620). The peak positions of the 2H-
NbSe, and 3R-NbSe, are similar; however, there is a small shift
towards lower angles for the rhombohedral phase as shown in
Fig. 11. Also, the two phases have different lattice parameters,
with a = 3.45 and ¢ = 12.55 for the 2H-phase while a = 3.45 and
¢ = 18.88 for the 3R-phase. The results from Nb,Ses; nano-
structures emanating from NbFs; and different selenium
precursors are also shown in Fig. 11. The particles from the
various selenium precursors were all indexed to a Nb,Seg
triclinic phase (PDF 01-078-1383). However, the intensities of
the peaks were different as such the crystallinity. The peaks
from Se and SeO, derived samples were more intense than the
SU sample hence suggesting good crystallinity. The peak widths
were much narrower for Se and SeO, than SU nanoparticles;
therefore, indicative of different sizes. From the XRD results, it
is quite clear that the metal precursors are responsible for the
stoichiometry of niobium selenide, NbCl; result in NbSe, whilst
NDbF; results in Nb,Sey. In terms of the selenium precursors, Se

3168 | RSC Adv, 2021, 1, 31159-31173

and SeO, due to their one-step reaction, they result in similar
properties whilst SU involves a two-step synthetic route (first the
decomposition of SU as in eqn (5) and the reaction with the
metal precursors eqn (6) and (7)), as such, subtle differences in
properties are observed. The reactions towards the formation of
NbSe, and Nb,Se, using the different selenium precursors are
shown in eqn (1)-(7).

2NbCls + 450, — 2NbSe, + 40, + 5Cl, 3)
2NbFs + 9S¢O, — Nb,Seg + 90, + 5F, (4)
2CH4N,Se — 2H,Se + 2C(NH), (5)
2NbCls + 4H,Se — 2NbSe, + 5Cl, + 9H, (6)
2NbFs + 9H,Se — 2Nb,Se, + 5F, + 9H, )

The SEM and TEM images using the SeO, and SU as sele-
nium precursors are shown in Fig. 12. For NbSe,, varying the
selenium precursor did not change the morphology; the parti-
cles remained flower-like nanosheets however the SU samples
had larger nanoflowers. For Nb,Se,, there was a slight change of
morphology from the Se precursor in Fig. 7 to the SeO, and SU
precursors where perpendicular connected flat rods were
formed as shown in the SEM images in Fig. 12. From the TEM,

Table 4 Summary of the band-gaps of NbSe, and Nb,Sey when
varying the selenium precursors

Selenium precursor NbSe, E; Nb,Sey Eg
Se 3.29 eV 2.43 eV
SeO, 2.91 eV 2.44 eV
SU 2.55 eV 2.12 eV

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Cyclic voltammograms at different scan rates of (a) sputtered Pt, (b) drop casted NbSe,, (c) spin coated NbSe,, (d) drop casted Nb,Seq
and (e) spin coated Nb,Seq; and (f) linear fitting of the capacitive current densities of Pt compared with the NbSe, and Nb,Seg CEs.

these were however very similar to the Se rods. HRTEM was also
performed on the pure NbSe, and Nb,Se, (shown in Fig. 2St)
which formed using SU. The average interlayer spacing for
NbSe, layers is 0.61 nm, which is in agreement with the theo-
retical d-spacing for (002) planes.** The same spacing was
obtained for Nb,Sey, nanorods.

The UV-vis absorption spectra of NbSe, and Nb,Sey when
varying the selenium precursors are shown in Fig. 3St and the
band-gap values are summarized in Table 4. For NbSe, nano-
flowers, the band-gap decreases from Se to SeO, to SU. This is
consistent with the observed increase in the size of the nano-
flowers. An increase in size of the nanostructures results in the
red-shift of the band-gap due to Ostwald ripening. The band-
gap for Nb,Sey remained relatively unchanged as the sele-
nium precursor changed from Se to SeO,. This is expected as
there were little changes observed in the structural and
morphological properties between the two precursors. The
band-gap for SU was however red-shifted. It must be said that

© 2021 The Author(s). Published by the Royal Society of Chemistry

from the absorption spectra in Fig. 3S,T the graphs were tailing
suggesting polydispersity.

Application of NbSe, and Nb,Se, as counter electrodes in
DSSCs

NbSe, and Nb,Sey nanostructures synthesized using SU as the
selenium precursor were used as the counter electrodes. The
electrocatalytic activity of the CEs was determined by cyclic
voltammetry (CV), where the scan rate was varied to investigate
the effect of the scan rate on the current density of each CE.
Based on eqn (8), there exist a relationship between the current
density and square root of the scan rate. As such, an increase in
scan rate causes the diffusion layer thickness to decrease and
the electrochemical polarization to increase which results in
high overpotential and poor reversibility.*

iy = 2.69 x 10°w*24D"?V'2C (8)
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Fig. 14 Nyquist plots of EIS for the symmetric cells with (a) Pt, (b) spin-NbSe, and (c) spin-Nb,Seg and the corresponding Tafel plots (d).

where i, is the peak current density, 7 is the number of electrons
transferred, A is the area of the electrode, D is the diffusion
coefficient, V is the scan rate, and C is the concentration.”® The
scan rates were 10, 20, 50 and 100 mV s~ * and the results are
shown in Fig. 13. Typically, there are two pairs of redox peaks
where the left pair is due to the reduction of I;~ and the right
pair is due to the oxidation of I and they correspond to the
following equations:

I;7 +2¢ « 31 9

312 +2e” © 3137 (10)

The Pt-CE, shown in Fig. 13a, is stable and reproducible
irrespective of the scan rate used because the scans remained
unchanged for each scan rate. The cathodic peaks appear at
0.36 Vand 0.50 V. The performance of the DSSC depends on the
reduction whereas as the oxidation does not have that much
effect.* Ibrahem et al. reported that in general, the higher the
cathodic current peak the better the catalytic capability of the
CE towards the reduction of I;~ to I in DSSCs.>*

Two methods were used to fabricate the niobium selenide
CEs ie. drop casting and spin coating. The cyclic voltammo-
grams of NbSe, nanoflowers at different scan rates (10 mV s~ %,
20 mV s, 50 mV s~ ', and 100 mV s~ ') are shown in Fig. 13b
and c. The current densities increase with an increase in scan

3170 | RSC Adv, 2021, 11, 31159-31173

rate. The drop-casted CE has a lower current density compared
to the spin-coated CE, with the value of 0.0087 A cm 2 and
0.0090 A cm ™2 at a scan rate of 100 mV s~ '. Moreover, the drop-
casted CE's cathodic peaks are not as defined as those of the
spin-coated CE. Therefore, the spin-coated CE has the better
catalytic capability for the reduction of I;~ to I". The Nb,Seq CEs
were also analyzed, and the spin-coated CE seems to have
a better capability of reducing I;~ to I than the drop-casted CE
shown in Fig. 13d and e. Therefore, the Nb,Se, spin-coated CE
produces the desired results at 50 mV s~ " because it has the
highest current density.

As proof of principle and to highlight the possibility of using
niobium selenide CEs as alternatives to the Pt-CE, the two CEs
(spin-coated: NbSe, and Nb,Se,) were compared with the Pt-CE.
The peak-to-peak separation (Ep,) is an important parameter to
look at when comparing the catalytic activity of electrodes.*> The
cathodic peak represents the reduction velocity and the Ey, is
associated with the reversibility of the redox reaction.*”® The Pt-

Table 5 Electrochemical performance parameters obtained from EIS
& Tafel polarization plots of Pt, spin-NbSe, and spin-Nb,Seq

Materials RJ/Q  RJ/Q logJjo/(mAcm™>)  log fiim/(mA cm?)
Pt 23.04 9.41 —5.47 —5.38
Spin-NbSez 27.38 36.14 —6.01 —9.92
Spin—NbZSeg 27.58 1033 —6.85 —12.1

© 2021 The Author(s). Published by the Royal Society of Chemistry
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CE has an E;,;, of 805 mV whereas NbSe, and Nb,Se, CEs are 819
and 762 mV, respectively. Therefore, the Nb,Sey-CE has better
reversibility and electrocatalytic activity because it has a smaller
E,, than the Pt-CE. However, the NbSe,-CE has a similar E},, as
the Pt-CE. Moreover, the NbSe,-CE exhibited the highest current
density compared to Nb,Seo-CE, which is an indication of better
electrocatalytic activity. As such, of the two niobium selenide
materials NbSe, is a better CE than Nb,Se, because of its
comparable Ep,;, and higher current density than that of Pt. This
is because the NbSe, nanoflowers that are essentially nano-
sheets that are ‘crumbled up’ have the largest surface area and
better coverage of the FTO-glass substrate than the Nb,Seq
nanorods.*® To verify the surface area, the relationship between
the current density and square root of the scan rate was plotted
in Fig. 13f based on eqn (8). The electrochemical double-layer
capacitance (Cq;) of NbSe,-CE was much larger than Nb,Seo-CE
(slope), therefore suggesting a greater effective surface area (S)
(Cdl o9 S)

The EIS was employed to evaluate the ability of the CEs to
transfer charge to the electrolyte. Shown in Fig. 14 are the
Nyquist plots of Pt, NbSe, and Nb,Se, as well as the electro-
chemical equivalent circuit whose components represent four
impedance properties. The series resistance is denoted by, R
while R. denotes the charge transfer resistance at the CE/
electrolyte interface. The abbreviation Cq corresponds to the
double layer capacitance, which is employed when a perfect
semi-circle is obtained from the Nyquist plot and explains the
charge storage capacity of the CEs. Lastly, Z, represents the
Nernst diffusion element, often employed when a line is at 45°
to the semi-circle at lower frequency region and explains if the

(a)

NbSe,/Nb,Se,

View Article Online
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interaction between the CE and the electrolyte is diffusion-
controlled.*® The two key parameters, R and R, were obtained
using Z-fit in EC-Chem software from Biologic and are
summarized in Table 5. The Pt had the lowest R, value followed
by NbSe, and then Nb,Sey. The smaller the R, value, the more
conductive the material is. This suggests that Pt is the most
conductive. The same trend was observed for R.. however, the
charge transfer resistance for Pt was far much lower than NbSe,.
Lower R, values are sort-after because they lead to higher Jg.
and FF values. It must be added that thin-film quality has
a significant influence on the electrical properties of materials.
The sputtered Pt electrode had far better coverage than NbSe,
and Nb,Se,.

The Tafel polarization curves are shown in Fig. 14d. Two
important parameters are observed from the polarization
curves, namely the exchange current density (J,) and the
limiting diffusion current density (f;;). Both parameters are
affected by the anodic or cathodic contribution of each counter
electrode and can be described using the following equation;

Jo = RTInFR (11)
Jlim = 2nFDCI (12)

where R is the gas constant, T is the temperature (298 K), F is
Faraday's constant, n (n = 2) is the number of electrons, R, is
the charge transfer resistance, D the diffusion coefficient, C is
the concentration of I3, and [ is the spacer thickness.”” From
eqn (11), J, is inversely proportional to R... Therefore, J, can be
correlated to the electrocatalytic activity of the CE, meaning
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(a) Dye-sensitized solar cell set-up, (b) band diagram and (c) J-V curves of DSSCs of Pt, spin-NbSe, and spin-Nb,Seg counter electrodes.
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Table 6 J-V parameters of DSSCs of Pt, spin-NbSe, and spin-Nb,Seg
counter electrodes

Counter electrode  J. (mA cm™?) Voe (V) FF (%) PCE (%)
Pt 12.00 0.77 34 3.14
Spin-NbSe, 13.00 0.95 55 6.84
Spin-Nb,Se, 10.00 0.76 37 2.80

a large J, value implies a much better catalytic activity. Similarly,
larger Jiim, values indicate the larger diffusion coefficient D,
which results in higher catalytic activity based on eqn (12). The
Jo value of NbSe, was higher than Nb,Sey symbolizing the best
electrocatalytic activity. So too was the Jj;;, value. In both the EIS
analysis and Tafel polarization curves, Pt was the best per-
forming electrode. This was not surprising as Pt is considered
the state-of-the-art counter electrode, furthermore visually; the
Pt thin film was uniform.

The Pt, NbSe, and Nb,Se, CEs were used in DSSCs. Shown in
Fig. 15 is the solar cell architecture, band structure and the
resultant current density-voltage (J-V) curves of the three CEs
and the results are also summarized in Table 6. The NbSe, solar
cell had the highest PCE of 6.84% compared to the other elec-
trodes. This was in the same order as the reported results for
NbSe, DSSCs.** The Pt base DSSC surprising had a lower effi-
ciency, contrary to the electrochemical results. This could be
because of the fabrication process. The Nb,Se, had the lowest
efficiency, which is consistent with the electrochemical data.
The superior performance of NbSe, over Nb,Sey can be attrib-
uted to the morphology of the nanostructures. The NbSe,
nanoflowers has a larger apparent surface area compared to
Nb,Se, nanorods. Also notably from Fig. 15 and the data in
Table 6 are the low FF values. The low FF values are due to the
high R, values and low shunt resistance (Ry,) values, which are
caused by increasing recombination at interfaces of the
DSSCs.*®

4. Conclusion

In summary, niobium selenide nanostructures were formed
using the colloidal method. Varying the metal precursors
resulted in the formation of different stoichiometries of
niobium selenide. The NbCl; and NbF; resulted in the forma-
tion of NbSe, and Nb,Se,, respectively. While maintaining the
two different metal precursors and varying the selenium
precursor from Se, SeO, to SU, the properties of NbSe, and
Nb,Se, changed slightly however the effect of changing the
selenium precursor was less pronounced than changing the
metal precursors. From the XRD and XPS, the NbSe, nano-
structures were more susceptible to oxidation than Nb,Sey as
Nb,Os was observed in the XRD and the percentage of M-O in
the XPS was much higher in NbSe,. The nanostructures were
capped by OLA as observed in the FT-IR spectroscopy thus
minimizing the oxidation. NbSe, generally formed nanoflowers
whilst Nb,Ses formed rods. The band-gaps of both NbSe, and
Nb,Se, were in the visible region and there were red-shifted as
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the selenium precursor was altered. The spin coated NbSe, and
Nb,Se, were used successfully as electrocatalysts in DSSCs.
NbSe, nanoflowers gave the best performance with 6.84% PCE.
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