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Probing the stoichiometry dependent catalytic
activity of nickel selenide counter electrodes in the
redox reaction of iodide/triiodide electrolyte in dye
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Nickel selenide (Ni,Se,) systems have received much attention in recent years as potential low cost counter
electrodes (CEs) in dye sensitized solar cells (DSSCs). Their electrocatalytic activities are comparable to that
of the conventional platinum CE. Despite their achievements, the effect of stoichiometry on their catalytic
performance as CEs in DSSCs still remains unclear, hence the motivation for this work. Different
stoichiometries of Ni,Se, were synthesized via a colloidal method in oleylamine or oleylamine/oleic acid
mixture at the appropriate synthetic temperature and Ni to Se precursor ratio. X-ray diffraction revealed
that different stoichiometries of nickel selenide were formed namely, NiSe,, NizSes, NiggsSe, NiSe and
NizSe,. Scanning electron microscopy showed that all the stoichiometries had predominantly spherical-
like morphologies. Cyclic voltammetry, electrochemical impedance spectroscopy analysis and the
photovoltaic performances of the DSSCs fabricated using the different Ni,Se,, CEs revealed that selenium
rich stoichiometries performed better than the nickel rich ones. Consequently, the catalytic activity
towards the redox reaction of the triiodide/iodide electrolyte and hence the power conversion efficiency
(PCE) followed the order of NiSe, > NizSes > Nig gsSe > NiSe > NizSe, with PCE values of 3.31%, 3.25%,
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1. Introduction

The high cost of and low abundance of platinum have hindered
its large-scale practical application despite its excellent electro-
catalytic activities."”” Moreover, the long-term stability of a Pt
counter electrode (CE) can be destroyed in a liquid electrolyte
composed of the triiodide/iodide (I7/I3) redox couple in dye
sensitized solar cells (DSSCs). As a result, tremendous efforts
are being made to find alternative catalysts to Pt for use as CEs
in DSSCs and for electro-catalytic oxygen-hydrogen reduction
in fuel cells.® This search is geared towards the discovery of
inexpensive electrocatalysts that are based on earth abundant
elements.! For instance, Ni,Se, series including NiSe, NiSe,,
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3.17%, 2.35% and 1.52% respectively under ambient conditions.

NisSe,, NizSe, and Nij g5Se (ref. 4 and 5) and their composites
such as graphene/Ni,Se, composite® and cobalt-doped Ni,Se,
(ref. 7) have drawn significant attention in the effort to replace
Pt as CEs in DSSCs. This is due to their high earth abundance,
high electro-conductivity, chemical and thermal stability, and
tunable electronic configurations.*® In addition, the strategy
of fabricating the CEs with Ni,Se, is rather simple and inex-
pensive hence allowing large-scale production at low cost®
while simultaneously keeping/improving the performance of
DSSCs.

A number of researchers have demonstrated potential utili-
zation of different stoichiometries of Ni,Se, nanomaterials on
DSSCs as CEs and their performance compare remarkably well
with Pt. The function of the CE in DSSCs is to catalyze the redox
I /I3 reaction used as the liquid electrolyte. Thus it is of great
importance that the design of the CE material is such that
electro-catalytic activity is enhanced just like any other catalyst.
Their chemical and surface composition, configuration and the
interaction between the different components of the CE mate-
rial are very critical as they will affect the intrinsic catalytically
active sites and the transport properties."® As a result, much
attention has been paid to control the stoichiometry and
morphology via controlled synthesis techniques of nickel
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selenide nanomaterials in order to further enrich the electro-
catalytic activity.>*°

Many methods including hydrothermal, solvothermal and
thin film deposition have been employed to obtained different
morphologies and stoichiometries; however, these methods
tend to lack real control. The colloidal method has been shown
to be effective at controlling the growth and morphology of the
nanoparticles and this characterized by quick nucleation, fol-
lowed by the growth of the nuclei driven mostly by monomer
concentration and temperature.'>'> The colloidal method has
two routes of syntheses, one that involves the injection of
precursors in a hot solvent and the other that involves quick
heating up of precursors in a high boiling solvent from room
temperature to the desired temperature and this route is better
known as the non-injection synthesis (NIS). There is however
scarce information on the NIS of Ni,Se, systems. Numerous
investigations indicate that precursors used in NIS should have
negligible reactivity at low temperatures, but significant reac-
tivity at elevated temperatures because high quality colloidal
nanocrystals are produced at relatively high temperature (>200
°C).**** This method has been applied to produce a number of
high quality nanocrystals including CdSe, CdTe, PbSe, Ag,S,
Cu,S, PbS, Ni;S,, CdS, ZnS, CulnS, Cu,ZnSnS, and InSe just to
mention a few.">™"*

As discussed above, catalytic performance of Ni,Se, depends
on the stoichiometric ratio. Similarly, theoretical calculations
for I;7/I" redox process suggest that the metal sites in a metal
chalcogenide are more active compared to the chalcogenides
sites.’**' This implies that the stoichiometric ratio of the metal
in the compound largely affect the catalytic activity. This
implies that the catalytic activity of the Ni,Se, series increases
towards the reduction of I3~ in the order of NizSe, < NiSe <
Ni, gsSe < NizSe, < NiSe, among other stoichiometries of Ni,Se,.
However, there are few reports on nickel rich selenides
compared to selenium rich ones for DSSC applications. In this
present work, different stoichiometries of Ni,Se, were synthe-
sized with relatively similar morphologies via the NIS. Synthetic
parameters such as temperature, surfactant/co-surfactant and
mole ratios of Ni and Se precursors were manipulated to
demonstrate how the Ni,Se, metastable phases/states largely
depend on these parameters. Varying the mole ratio of Ni and
Se precursors was aimed at obtaining different Ni content in
the sample while temperature was varied to obtain a different
stoichiometry at a particular mole ratio. In all cases, oleyl-
amine was used as a reducing and/or stabilizing ligand while
oleic acid was used as a co-surfactant in some cases in order to
produce different stoichiometry. Systematic analyses of the
XRD and XPS among other techniques were done to shed light
on the role of the mole ratio and temperature on nanoparticles
formation, their structural and chemical composition.
Furthermore, the catalytic ability towards the reduction of I,
of the different stoichiometries of Ni,Se, was investigated to
demonstrate the critical role of stoichiometry in CE perfor-
mance. Finally, DSSCs were fabricated in ambient environ-
ment and using cheap dishwashing liquid soap as one of the
ingredients in the preparation of TiO, paste.
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2. Experimental procedures

2.1. Chemicals

Nickel(u) chloride hexahydrate (99.9%), selenium powder (99%),
oleylamine (OLA, 70%), oleic acid (OA, 98%), toluene (anhydrous,
99.8%), ethanol (96%), acetone (99.5%), acetylacetone (=99%),
isopropanol (anhydrous, 99.5%), hexane (anhydrous, 95%),
lithium perchlorate, lithium iodide (99.99%), iodine (synthetic
grade), 4-tert-butylpyridine (98%), N-methyl-2-pyrrolidone (NMP,
anhydrous 99.5%), anatase TiO, nanoparticles (<25 nm particle
size, 99.7%), acetic acid (99.7%), distilled water, dishwashing
liquid (©Sunlight) as an alternative to hydroxypropyl cellulose, N-
719 dye (95%), and FTO glass (surface resistivity ~ 7 Q sq~); all
these were purchased from Sigma Aldrich.

2.2. Synthesis of various nickel selenide nanostructures

Synthesis of NiSe, (NS-1). About 0.6480 g of NiCl, and
0.7896 g of Se powder (mole ratio 1:2 for NiCl, : Se) were
placed in a 50 mL three neck round bottom flask. 10 mL of OLA
was added to the flask to act as the solvent, a reducing agent and
a capping agent. The mixture was degassed for 20 min then
heated quickly to 200 °C under nitrogen and strong magnetic
stirring. The reaction was then maintained at this temperature
for 30 min after which the reaction was arrested and the
contents of the flask were cooled to 80 °C. The black solution
was then transferred to centrifuge tubes after which excess of
ethanol was added and the solid was isolated by centrifugation.
The solid was washed several times with a mixture of ethanol/
hexane/toluene in a 1:1:1 volume ratio and left to dry at
room temperature.

Synthesis of Ni;Se,; (NS-2). A similar procedure to the
synthesis of NiSe, including the reaction parameters was fol-
lowed. However, to obtain a phase change, oleic acid was added
as a co-surfactant to oleylamine such that their volume ratio was
1:1 (OLA: OA).

Synthesis of Nij, g5Se (NS-3). Ni, g5Se synthesis procedure was
the same as Ni;Se, however the NiCl, : Se ratio was changed to
1:1.

Synthesis of NiSe (NS-4). The synthesis procedure was
similar to the synthesis of NiSe, however the NiCl, : Se mole
ratio was changed to 1 : 1.

Synthesis of Ni;Se, (NS-5). The synthesis procedure was
similar to the synthesis of NiSe, however the reaction temperature
was changed to 240 °C and the NiCl, : Se mole ratio to 2 : 1. It is
noteworthy to mention that when the temperature was main-
tained at 200 °C like all the above methods, the obtained product
was Ni, gsSe. The summary of all the reactions is shown in Table 1.

2.3. Fabrication of counter electrodes

The whole process was performed in a fume hood under ambient
conditions. To prepare the counter electrode, 40 mg of the as-
prepared Ni,Se, nanoparticles were dispersed in 1 mL of NMP in
a vial. The mixture was left overnight at room temperature under
strong magnet stirring to form a homogeneous ink solution. The
as-prepared solution was then sonicated for 10 min after which the
solution was drop-casted on pre-cleaned FTO glass substrates then
annealed at 100 °C for 10 min. For comparison studies, a reference

This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of the reaction conditions for the synthesis of
Ni,Se,

Sample Reaction

NS-1 NiCL (1 mol) + Se(2 mol) AzLot)oc NiSe,
NS-2 NiCly(1 mol) + Se(2 mol) Zzzéoi NizSey
NS-3 NiCly(1 mol) + Se(1 mol) %Nlo g5Se
NS-4 NiCL (1 mol) + Se(1 mol)% iSe
NS-5 NiCly(2 mol) + Se(1 mol) %ngsez

platinum CE was prepared by sputter-coating a thin layer of Pt (200
nm) to a clean FTO substrate.

2.4. Preparation of TiO, paste

The preparation was adopted from previously reported work.>>>?
Specifically, 1 g of commercially purchased anatase TiO,
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powder was mixed with 12 mL distilled water and 0.5 mL ace-
tylacetone under constant magnetic stirring for 24 h. The
mixture was later dried at 60 °C followed by grinding to a fine
powder. This initial stage was carried out to prevent re-
aggregation of the TiO, nanoparticles. The subsequent stage
involved the mixing of one drop of dishwashing liquid soap (in
place of 5% (w/v) ethanolic solution of hydroxypropyl cellulose),
0.2 mL acetic acid and 3 mL of ethanol with the pre-treated TiO,
powder under constant stirring for 12 hours. The solution was
heated afterwards at 70 °C with constant stirring to evaporate
ethanol slowly.

2.5. Fabrication of the photoanode

The nanocrystalline TiO, paste was printed on a clean FTO
substrate via a doctor blade technique after which the films
were annealed at 450 °C for 30 min. The aim of the heat treat-
ment was to remove all the residual organic components/
chemicals from the TiO, surface as well as to get an improved
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Fig. 1 X-ray diffraction patterns of NS-1, NS-2, NS-3, NS-4 and NS-5.
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contact with the TiO, aggregates, and between the TiO, and dye
molecules. The thickness and the active area of the TiO, films
were approximately 200 nm and 0.25 cm® respectively. For
sensitization, the TiO, films were immersed in a dye solution
(3.0 x 10~* M mixture of the ruthenizer 535-bisTBA (N-719) in
methanol) for 5 s then left to dry for 12 h. All this were done at
room temperature.

2.6. Device assembly

Finally, the DSSC device was assembled according to the
following method. The photoanode was placed face up on a flat
surface, and the Ni,Se, coated counter electrode was placed on
top of the photoanode. These two opposing glass plates were
offset from one another so that the entire photoanode was
covered by the counter electrode. The redox electrolyte solution
(I'/13), composed of 0.05 M iodine, 0.5 M tert-butylpyridine,
and 0.1 M lithium iodide, 0.1 M potassium iodide, 0.1 M
sodium iodide was placed at the edges of the plates, and the
liquid was drawn into the space between the electrodes via
capillary action. An epoxy adhesive was utilized to hold/seal the
electrodes together. Accordingly, we fabricated the NiSe,
Niy gsSe NiSe,, NizSe,, NizSe, and Pt (as a reference device)
counter electrode-based DSSCs.

3. Characterization techniques

3.1. Structural characterization

The phase purity, crystallinity and preferred crystal orientation
of the products were examined using X-ray diffraction (XRD) on
a Bruker MeasSrv (D2-205530)/D2-205530 diffractometer using
secondary graphite monochromated CukK, radiation (A 1.5418
A) at 30 kv/30 mA. Measurements were taken using a glancing
angle of incidence detector at an angle of 2°, for 20 values
between 10-90° in steps of 0.026° with a step time of 37 s and at
a temperature of 25 °C.

The sample morphologies were determined by scanning
electron microscopy (SEM) analysis using an FEI Nova Nanolab
600 FIB/SEM instrument operating at 30 kV. The film
morphologies and structures were characterized using Veeco
Di-3100 atomic force microscopy (AFM) in the tapping mode.

3.2. Electrochemical studies

The extent of the electrocatalytic activities of the Ni,Se, CE
materials were determined using cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and Tafel polar-
ization measurements using an electrochemical workstation
(Biologic: VMP 300). The CV measurements were carried out in
a three-electrodes cell with an anhydrous acetonitrile (ACN)
solution containing 0.01 M Lil, 0.001 M I, and 0.1 M LiClO, as
the I /I~ redox electrolyte at a scan rate of 100 mV s~ ', using Pt
as the counter electrode, Ag/AgCl as the reference electrode and
the fabricated Ni,Se, as the working electrodes. The EIS
measurements were analysed using a symmetric cell assembled
with two FTO glass substrates coated with an identical counter
electrode in the redox electrolyte used for DSSCs in the dark.
The samples were tested between 100 kHz and 100 mHz at open
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circuit potential 0.6 V. The Tafel polarization measurements
were carried out using the symmetric cell assembly at potential

window of 0.0 to 1.0 V and a scan rate of 100 mV s~ *.

3.3. Photovoltaic measurements

The photovoltaic test for the DSSCs with an active area of 0.25
cm?® was carried out by measuring the photocurrent-voltage (J-
V) characteristic curves using a HP 4141B source measure unit
(SMU). All the measurements were carried out in ambient
conditions. The incident light intensity was controlled at 70
mW cm 2 (AM 1.5G).

4. Results and discussion

4.1. Characterization of the nickel selenide nanostructures

The crystalline phases of the as-synthesized products were
characterized using powder X-ray diffraction and the results are
shown in Fig. 1. The NS-1 sample was indexed to cubic NiSe,
based on PDF no. 011-088-1711 while NS-2 matched to the
monoclinic NizSe, according to PDF no. 00-018-0890. This
phase change was observed when OA was used as a co-
surfactant to OLA. The NS-3 sample gave hexagonal Ni, gsSe
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Fig. 2 Survey spectra of NS-1, NS-2, NS-3, NS-4 and NS-5.
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Fig. 3 Ni 2p and Se 3d high resolution XPS spectra of NS-1, NS-2, NS-3, NS-4 and NS-5.

with equivalent peaks matching to those of PDF no. 00-018-0888
while the pattern for NS-4 predominantly matched hexagonal-
NiSe of PDF no. 00-002-0892. Finally, the NS-5 was matched to
an orthorhombic Ni;Se, PDF no. 00-002-1348. This confirms
that by merely changing a few parameters, different stoichi-
ometries of nickel selenide can be synthesized.

X-ray photoelectron spectroscopy (XPS) is a useful technique
to evaluate the surface chemistry as well as the bonding in the
resultant particles. The XPS survey spectra of the as-synthesized
nanoparticles show the expected elemental compositions and
the respective binding energies. Shown in Fig. 2 are the survey
spectra of the nickel selenide samples. All the samples showed
the presence of Ni, Se, C and O. The C is due to the capping
agent and O is to a large extent due to the surface oxidation of
the capping agent and the lesser extent, the particles.****

For more insight on the surface composition and valence
state/chemical state of the as-synthesized nanostructures, high
resolution XPS scans of nickel and selenium were done and the
results are shown in Fig. 3. The Ni 2p spectra for all the samples
showed multiple peaks, the doublets 2p;/, and 2p;/,, owing to
the spin orbital coupling and shake-up satellite peaks.>**” The
results are summarized in Table 2.

All the samples showed an A peak at ~853 eV which was
attributed Ni** shakeup satellite peak. The B and B’ peaks were
attributed to the Ni 2p;/, doublet where the peak at ~855 eV was
assigned to Ni*" and the peak at ~856 eV to Ni**. The D and D/
peaks were attributed to the Ni 2p,/, state where the peak at
~873 eV is attributed Ni*" and the peak at ~874 eV to Ni**
respectively.”®*” The rest of the peaks assigned to shakeup
satellite peaks were shifted by ~5 eV (C) and ~8 eV (C) from

Table 2 Summary of the deconvoluted peaks in the high resolution Ni 2p spectra of NS-1, NS-2, NS-3, NS-4 and NS-5

Sample A (eV) B (eV) B’ (eV) C (eV) C' (eV) D (eV) D' (eV) E (eV) F (eV)
NS-1 853.09 855.37 856.80 860.43 — 873.42 — — 870.71
NS-2 853.12 855.40 856.95 859.90 864.02 873.18 873.91 879.12 —
NS-3 853.06 855.36 856.10 861.30 — 873.04 874.10 — —
NS-4 853.11 855.43 856.14 860.37 863.49 873.31 — 878.78 870.70
NS-5 852.35 855.32 — 860.87 864.36 872.80 874.20 879.40 869.30

This journal is © The Royal Society of Chemistry 2020
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Table 3 High resolution Se 3d spectra of NS-1, NS-2, NS-3, NS-4 and
NS-5

Se-O
Sample 3ds., (eV) 3d;, (eV) (ev)
NS-1 54.0 54.7 58.4
NS-2 53.9 54.5 58.4
NS-3 — 53.9 58.7
NS-4 53.4 54.0 58.0
NS-5 — 54.0 —

Ni** (2psj) and Ni*" (2ps),) respectively while E and F were
shifted by ~3 eV and ~5 eV from Ni** (2p;),) and Ni** (2p,,,)
correspondingly. The appearance of double peak features of Ni
(2p) along with their consecutive shake-up satellite peaks were
indicative of the magnetic chemical state of Ni*" and Ni**
state.”® These observations confirm that the peak positions were
similar to those reported in previous studies for the presence of
Ni** and Ni** oxidation states in both stoichiometric and non-
stoichiometric Ni,Se,.>>** Nevertheless, when studying the
area under the peaks it was evident that the Ni*" oxidation state
was dominant in samples NS-1, NS-2, NS-3 and NS-5. This is not
surprising as the +2 oxidation state is the most stable. The high
resolution Se 3d spectra are shown in Fig. 3 and the assign-
ments are summarized in Table 3. Largely, two peaks were
observed for all samples except NS-5. The first peak was
deconvoluted to two bands corresponding to 3ds, and 3d;,
peaks and the second peak was associated with surface oxida-
tion of selenium resulting in formation of SeO,.

On the basis of XPS, especially the Se 3d analysis, it was clear
that the series of nickel selenide compounds exhibited adjust-
able binding energies achieved by possibly varying the nickel
content in the Ni-Se framework. To illustrate this, the 3ds,
band which was the predominant peak in all the samples was
seen to red-shift from that of neutral Se (3ds, at 55.1 €V) by 0.4,
0.6, 1.2, 1.1 and 1.1 eV in NS-1, NS-2, NS-3, NS-4 and NS-5
respectively. The degree of the red-shifting could be attributed
to the different binding interaction experienced by Se*~ anion

View Article Online
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with the different metal cation present in the sample. In addi-
tion, NS-3 that exhibited predominantly Ni** ion was seen to
experience high level of oxide on the selenium surface while the
metal rich NS-5 did not have any surface oxide peak.

SEM was used to analyse the morphology of the nano-
structures. Generally, the use of OLA alone as a surfactant
mostly supported thermodynamic growth such that nano-
spheres were predominantly obtained throughout all the
samples as shown in Fig. 4. Some evidence of rod-like formation
was also observed as in samples NS-3, NS-4 and NS-5. Neverthe-
less, the particles were largely spherical. Following the charac-
terization Ni,Se, nanostructures, the particles were then used to
fabricate thin films which were to be used as CEs. The AFM
images are shown in Fig. 5. The topography of the films sug-
gested that the morphology of the nanostructures on the film
were spherical-like for all the samples, thus confirming obser-
vations made by SEM. The root mean square (rms) roughness
values were 413 nm, 249 nm, 250 nm, 410 nm and 396 nm for NS-
1, NS-2, NS-3, NS-4 and NS-5 respectively while rms for the sputter
coated Pt was 4 nm. The roughness could have an effect on the
electrocatalysis activity but moreover it has been shown to affect
solar cell performance due to interfacial losses.**

4.2. Application of the nickel selenide nanostructures as
counter electrodes in dye sensitized solar cells

CV measurements were carried out to determine the reaction
kinetics of the nickel selenide CE materials in a three-electrode
system. For comparison purposes, the CV characterization of
the Pt film-CE was performed under the same conditions and
the results are presented in Fig. 6. Two pairs of redox peaks were
observed on the CV curves with similar shapes for all of the CEs.
This suggested that Ni,Se, CEs had relatively similar electro-
chemical stability and catalytic activity during the redox
process. The redox peaks at lower potential were attributed to
oxidation and reduction reactions which are represented by eqn
(1) and the redox couple at higher potential peaks corresponded
to the reaction represented by eqn (2).2"*

I3 +2 o 31 (1)

Fig. 4 SEM images of NS-1, NS-2, NS-3, NS-4 and NS-5.
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Fig. 5 AFM images of NS-1, NS-2, NS-3, NS-4 and NS-5.

312 + 2 < 31; (2)

The peak-to-peak separation (Ep,) between the first reduc-
tion peak (J req1) and oxidation peak also corresponds to the
reversibility of the redox reaction. The electrocatalytic ability of
the CE for the reduction of I3 in DSSCs can be visualized based
on the cathodic/reduction peak current density and peak to
peak potential Ej,. Generally, the stronger the electrocatalytic
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— Pt
—— NS-1 J

& 20 J
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> 104 B
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Fig. 6 Cyclic voltammograms for the Ni,Se, and Pt counter elec-
trodes with a scan rate of 100 mV s,

This journal is © The Royal Society of Chemistry 2020

ability, the larger |/ geq1| and lower Ej,;, values.>”** As shown in
Fig. 6 and Table 4, most of the Ni,Se, CEs exhibited superior
current response (/) than the Pt-CE for the reduction of I3~ in
order of NS-1 > NS-2 > NS-3 > Pt > NS-4 > NS-5, indicating that
the rate of this reaction is relative higher for the NS-1, NS-2, NS-
3 than the Pt. Whereas the Ej, for all the catalyst recorded
approximately the same value (~0.7 V) which was a clear indi-
cation that the same amount of energy was required for this
reaction by all the catalysts. The above observations suggest that
the electrocatalytic activity of Ni,Se, CEs can be changed by
controlling the stoichiometry of the nickel selenide. The long-
term stability of DSSCs is one of the most important photovol-
taic parameters and can be reflected by the consecutive CV
scans. To demonstrate the stability of Ni,Se, in the iodine
electrolyte and their reliability as counter electrodes, several
scans of CV measurements were done and the results depicted
in Fig. S2.7 Again here, the Pt was used as control. The results
confirmed that the as-prepared counter electrodes exhibited an
excellent chemical stability in the electrolyte solution with little
degradation in current densities or peak shifts after 30 scans at
50 mv s .

EIS was employed to probe the charge transfer ability
between the Ni,Se, CEs and the electrolyte. This was conducted
on symmetrical dummy cells with two identical electrodes
sandwiching the I3/I" electrolyte under dark conditions. Fig. 7
shows the Nyquist plots (Fig. 7B) of the corresponding
symmetrical cells with the electrochemical equivalent circuit
(Fig. 7A), whose components represent four impedance

RSC Adv, 2020, 10, 39509-39520 | 39515
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Table 4 Electrical parameters derived from the CV, EIS and Tafel polarization curves

CE Epp CV Jse (MA cm™?) R (ohm) R (ohm) Log Jo (mA cm ™ ?) Log Jiim (MA cm™?)
pt 0.69 8.14 135.90 7.56 —2.77 —-2.41
NS-1 0.71 15.32 139.90 37.35 —-3.16 —2.74
NS-2 0.68 10.98 145.2 46.62 —3.56 —2.89
NS-3 0.72 10.31 185.2 64.69 —-3.70 —-3.11
NS-4 0.69 6.13 315.1 262.1 —4.07 —3.49
NS-5 0.68 6.10 186.0 151.6 —4.31 —3.69

properties where R, signifies the series resistance, which
includes the transport resistance, bulk resistance of the CEs,
and contact resistance of cells thus explaining the resistance of
the CE to the electrolyte; R.. denotes the charge transfer resis-
tance at the CE/electrolyte interface, which shows the transport
properties and conductivity at the CE/electrolyte interface; Cg
which 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;
and 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 interaction between the CE and the elec-
trolyte is diffusion-controlled.*

The two key parameters, Rs and R, obtained using the Z-fit
in EC-Chem software from Biologic is summarized in Table 4.
The R, value for Pt was smaller than those of Ni,Se, CEs
meaning that it was more conductive as R; is dependent on
conductivity.”*® The higher R, values of Ni,Se, CEs in compar-
ison to Pt was attributed to the rough inhomogeneous surface of
the films as portrayed in the AFM analysis; and the poor
adhesion of the Ni,Se, inks on the FTO substrate.”** The
recombination resistance, (Rs + R.) derived from the values in
Table 4 revealed that among the Ni,Se, CEs, NS-1 (177.25 Q) had
the closest R + R, value to that of Pt (143.46 Q), meaning that its
conductivity is comparable to Pt and it was the most conductive of
the Ni,Se, CEs in this study. This can be explained by the fact that
cubic NiSe, is considered to be more metallic.*® This is in agree-
ment with the CV results that showed the conductivity and elec-
trons transport properties of NS-1 were comparable to those of Pt.
NS-2 and NS-3 then followed possibly because of the two active Ni
species in the form of Ni** and Ni**. The observable difference in
the R, value between NS-3 and NS-4 may have resulted from the
fact that the surface of the NS-4 was highly oxidized as was por-
trayed by prominent presence of SeO, in the Se 3d XPS spectrum
thus inhibiting electron movement. The nickel rich NS-5 was forth
while NS-4 believed to be a semiconductor® had the lowest
conductivity suggested by the highest Ry value recorded herein.
The charge transfer process represented by the diameter of the
semicircle on the high frequency region reflecting on the R value
followed the same sequence as the R; for the Ni,Se, CEs for the
same reasons already explained. However, the values were rela-
tively larger compared to that of Pt indicating slightly sluggish
charge transfer kinetics. Therefore, comparing the values of R
and R, it was concluded that the superiority of the electro-
catalytic activity of Ni,Se, CEs for I3 reduction increased in the
order of NS-1 > NS-2 > NS-3 > NS-5 > NS-4.

39516 | RSC Adv, 2020, 10, 39509-39520

The symmetric dummy cells used in EIS measurement were
employed to further elucidate the catalytic activity of the Ni,Se, by
Tafel polarization curves and the results are presented in Fig. 8.
Kinetics surrounding the catalytic activities of CEs are largely
dependent on the exchange current density J, and the limiting
diffusion current density, /jim. From the curves, the J, and the fjin,
can be derived from the slope for anodic or cathodic branch and
the intersection of anodic branch with y axis respectively.>*” As
summarized in Table 4, the values of J, and Jj;,, increased in
a following the order: Pt < NS-1 < NS-2 < NS-3 < NS-5 < NS-4 which
is similar to the EIS order. Usually the J, value increases with
increasing slope of cathodic or anodic branches and eqn (3)
suggest that J, is inversely proportional to R... Therefore, J, has
correlation with the electrocatalytic activity of the CE, meaning
a large J, value implies a much better catalytic activity. Similarly,
larger Jiim, value indicates the larger diffusion coefficient D value,
which can result to the higher catalytic activity based on eqn (4).

Jo = RTInFR,, (3)
Jim = 2nFDCJI (4)

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
charge transfer resistance, D diffusion coefficient, C is the
concentration of I3, and [ is the spacer thickness.* The deduc-
tions derived from the Tafel and EIS as well as CV data analysis
are consistent, thus, for the Ni,Se, CEs herein, NS-1 (NiSe,) is
a best electrocatalyst followed by NS-2 (NizSe;) and NS-3
(Nio.gsSe). This is a possible explanation as to why there is so
much literature on the use of NiSe, (ref. 38 and 39) and Nij.g5Se
as CEs compared to those of NS-5 (NizSe,) and NS-4 (NiSe). In
addition, the electrocatalytic ability and charge-transferability
of the Ni,Se, CEs can be changed by controlling the Ni
content from 0.5 to 1.5. Therefore, the electrocatalytic activity of
the Ni,Se, CEs varies with the change in Ni content which plays
a big role on the conductivity of the material.

4.3. Photovoltaic performance of DSSCs

The Ni,Se, CEs were then used a in a DSSCs. Fig. 9 shows the
comparison of current density-voltage (/-V) characteristics of
the devices fabricated from Ni,Se, as CEs to evaluate the effect
of the different stoichiometries. Herein, only the device
performances at incident light intensity controlled at 70 mW
ecm ™ ? (AM 1.5G) are reported since the attempts to use higher
power resulted in S-shaped curves (Fig. S1f) and this is

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (A) Electrochemical equivalent circuit and (B) Nyquist plots of EIS for the symmetrical cell with Ni,Se, electrodes.

attributed to devices exposure to air. The detailed photovoltaic
parameters including the open circuit voltage (V,.), short
circuit current density (Js.), fill factor (FF) and power conver-
sion efficiency (PCE) are shown in Table 5. It was observed that
the compositions of nickel selenides had some effect on the
performance of DSSCs such that NS-1 yielded the highest
efficiency of 3.3% and J,. of 10.4 mA cm 2 Overall, the

This journal is © The Royal Society of Chemistry 2020

efficiency of the DSSCs was in the order of Pt > NS-1 > NS-2 >
NS-3 > NS-4 > NS-5. Comparing NS-1 to Pt DSSC performance,
it was noted that the current density generated by NS-1 (10.4
mA cm™?) was relatively close to that of Pt DSSC (10.5 mA
cm™?). However, the FF of all the Ni,Se, based CEs was lower
than that of the Pt possibly due to the larger Ry encountered

RSC Adv, 2020, 10, 39509-39520 | 39517
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Fig. 8 Tafel polarization curves of the symmetric dummy cells from
NS-1 to NS-5, and Pt CEs.

with these CEs as a result of weak adhesion of the nano-
structures on FTO.>*

The values of the V,, of all the as-synthesized CEs including
Pt were seen to be relatively the same, about 0.7 V. This can be
attributed to the fact that the V,. across a DSSC is thermody-
namically determined by the difference between the quasi-
Fermi level of the semiconductor (TiO,) and the redox poten-
tial of the electrolyte.** Thus the value of the V. is independent
to the nature of the counter electrode material but dependent
on the charge recombination and electron injection efficiency.
In addition, the efficiency of DSSCs herein was majorly affected
by the increase in Ji. of the device. Previous reports indicate that
the larger the J,. value the higher the generation of the iodide
ions thus the higher the catalytic activity of the CE material.>”
Therefore, based on the above observations, NS-1 was a better
electrocatalyst towards the reduction of triiodide ion while NS-
5 was the weakest. Similarly, the device with NS-1 CE exhibited
stronger charge separation and transferability compared to
the other stoichiometries, thus the high J,. it generated. In

— Pt

—— NS-1

Current density (mA/cm?)
N

0.4 0.6 0.8
Voltage (V)

0.0 0.2

Fig.9 [-V characteristic of solar cell devices fabricated using different
Ni.Se, as CEs.
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Table 5 DSSCs parameters using Ni,Se, as counter electrodes

CE DSSC Jse (MA cm™?) Voe (V) FF (%) PCE (%)
Pt 10.51 0.72 47.30 3.58
NS-1 10.35 0.71 45.01 3.31
NS-2 10.05 0.71 45.64 3.25
NS-3 9.75 0.71 45.80 3.17
NS-4 7.31 0.71 45.40 2.35
NS-5 4.86 0.69 45.32 1.52

summary, the photovoltaic performance of the Ni,Se, based
CEs suggested that NS-1 (NiSe,), which is a selenium rich
stoichiometry presented better efficiency than the metal rich
NS-5 (NizSe,) stoichiometry. The sequence was such that when
the metal content increased in the composition, the efficiency
value dropped. As such, in terms of device performance, the
following trend was observed; NS-1(NiSe,) > NS-2 (NizSe,) > NS-
3 (Nig gsSe) > NS-4 (NiSe) > NS-5 (NizSe,). This trend was
consistent with observations made in the CV, EIS and Tafel
plot analyses.

5. Conclusion

In summary, different stoichiometries of nickel selenide
nanostructures (Ni,Se,) were successfully synthesized via the
colloidal method by simply manipulating synthetic parameters
(surfactant and temperature). Similar morphologies of nano-
spheres were obtained. Stoichiometry was shown to affect the
electrocatalytic activity of nickel selenide and thus their
photovoltaic performance in a DSSC. In particular, the selenium
rich nickel selenide showed better electrocatalytic activity and
high efficiency than the nickel rich one (NizSe,). As the nickel
content increased, the efficiency of the device was seen to
decrease such that NiSe, (Niy 5Se) had 3.31%, Ni;Se, (Niy y5Se)
had 3.25%, NiggsSe had 3.17%, NiSe had 2.35% and Ni;Se,
(Ni; 5Se) had 1.52% efficiency.
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