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Research Highlights

1D CoxNi-xTe MFs on nickel foam was synthesized using an oven based method.
CoxNi-xTe MFs/NF works efficiently for both supercapacitor and OER application.
The hybrid supercapacitor assembly CoxNi-xTe MFs//AC achieves highest areal
capacity of 77.9 pAh cm2at a current density of 0.8 mA cm™.

As an electrocatalyst, Coo.75s Nio.2sTe MF/NF only requires low over potential (7) of 289
mV to reach current density (j) of 10 mA cmfor OER.

Density functional theory (DFT) calculations on the electronic and structural property

of CoxNi@-xTe MFs.
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ABSTRACT

Tellurium (Te) is a metal with the ability to function as a self-sacrificing template and exhibits
strong chemical reactivity with counter metals. By the simple inward diffusion of metal ions
on its surface it can form long one-dimensional (1D) architect. Utilizing this, a 1D Cobaltx
Nickel-x) Telluride (CoxNi(1-x Te) microfibers (MFs) on nickel foam (NF) substrate has been
constructed for a bifunctional electrode application. The theoretical and experimental
investigations on the CoxNi(1-x Te validates the Coo.7sNio.2sTe superiority over other ratios. The
synergistically caused effects at 3:1 Co/Ni ratio reactivity with Te enhance the microstructure
bifunctional electrode property with excellent stability during long cycle operation. The density
functional theory (DFT) calculations of Coo.75 Nig.2sTe revealed a better quantum capacitance
due to the increased density of states near Fermi levels and achieved the enhanced OER activity
because of increasing OH coverage. The assembled device Coo.75Nio25Te MF//AC achieves
outstanding energy storage performance with a maximum energy density of 50.8 Wh Kg (58.4

HWh cm) at a power density of 672.7 W Kg™* (7773.5 pW cm™) and sustains the performance
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up to 10,000 cycles, with a capacity retention of 90.1%. As an electrocatalyst, C0o.7sNio.25Te
MF/NF requires a low overpotential (;7) of 289 mV to reach a current density (j) of 10 mA cm’

2in 0.1 M KOH for OER.
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1. Introduction

The urgent shipment of exhausting fossil fuels towards clean, renewable energy sources to
fulfil the indispensable power supply requires a strong energy storage system and water
splitting cells.[1, 2] This triggers the concerned researchers to study and build a potential
energy storage and conversion device that could avoid the depletion of fossil fuels as well as
maintain a uniform energy grid system. So far, supercapacitors have shown captivating features
as compared to other energy storage devices in terms of power density, good stability, specific
capacity, and fast charging and discharging properties.[3, 4] The commercially available
symmetric supercapacitor has achieved a very low energy density of up to 4-6 Wh Kg, which
restricts its exploitation towards larger scale practical applications. Hybrid supercapacitors
(HSCs) not only provide large capacity, but with a large voltage window, they can also deliver
high energy and power densities. Water splitting through electrochemical techniques has been
considered an effective approach because of its advantages, i.e., affordable cell setup,
environmental friendliness, and zero carbon emission.[5] The oxygen evolution reaction (OER)
is the crucial factor in overall electrocatalytic water splitting, but it’s slow reaction kinetics and
the overpotential () due to complex four-electron transfer frequently limit its use in practical

applications.[6] Although commercially available, 1rO, and RuO: have been active
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electrocatalysts for OER, but their high price and low stability limit their use in widespread

applications.[7, 8]

Diminishing the aforementioned drawbacks and building a competent electrode material that
would work for both supercapacitors and OERs has become the most active research area
currently. Factors such as morphology, conductivity, active electrode spots, oxygen defects,
and material compositions all have a significant impact on electrode performance in energy
storage and conversion applications. Hence, a suitable selection of elements, suitable synthesis
technique, and optimized parameters would definitely help to achieve the goal. Metal oxides,
hydroxides, and sulphides have been widely used in supercapacitors and water splitting
applications.[9-11] These materials function via surface redox reactions between the
electrolyte ions and the electrode material. Surface redox phenomena are strongly influenced
by the core electronic structure as well as the conductivity of the electrode materials, which has
a direct impact on electrochemical performance.[12, 13] Accordingly, optimization of the
electrode material is critical. To upgrade the electrode performance, binary and ternary
composites are synthesized by various approaches which can exhibit unique properties derived
from the synergistic effect of their monometallic counterparts.[14] Lately, ternary Co-Ni oxide
and sulphide composites have become a new hot spot for supercapacitor applications owing to
their exclusive advantages like low cost, high specific capacitance, environmental friendliness,
and unique redox properties.[15, 16] The analogous physical and chemical properties of Co
and Ni and the miscibility of their ions in an aqueous electrolyte benefit their electrochemical
properties. The binary Co-Ni oxides and sulphides have a lower optical band gap and better
electrical conductivity compared to single-phase Ni/Co oxides and sulphides.[17, 18] Despite
several advantages, their performance is greatly affected by their inadequate active spots, low

conductivity, and stability.
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Substituting the oxides and sulphides with conductive tellurides might develop a more stable
structure, as the Te has a high anisotropic crystal growth tendency and serves as in situ
templates for the one-dimensional (1D) growth of metal tellurides. Te is comprised of helical
chains of atoms that are covalently bonded and subsequently united into a hexagonal lattice
through van der Waals interactions, because of which it has a highly anisotropic crystal growth
tendency towards one direction.[19] It has a tendency of self-sacrificing template and
significant chemical reactivity with metals which can produce 1D metal telluride by simply
inward diffusion of metal ions on Te template surface. Moreover, they are lesser
electronegative than upper chalcogen element, which avoids the disintegration of layered
structures and elongates in one direction, providing easier electron transport paths.[20] To date,
transition metal tellurides, such as CoTe, Cu7Te4, NiTe, and FeTe: Fe2TeOs have received a lot
of attention recently as electrode materials owing to their well-organized anisotropic structure,
high conductivity, electrochemical activity, and stability.[21-24] For example, Zhou and co-
authors synthesized NiTe directly grown on nickel foam (NF) by adopting a hydrothermal
route.[25] The electrode showed the highest specific capacitance of 804 F g* at a current
density of 1 A gt in 3 M KOH electrolyte. However, the capacitance retention was only 81%
up to 3000 cycles. Ye et al. reported a hydrothermal synthesis of CoTe nanosheets directly
grown on carbon fiber paper.[26] In the asymmetric assembly of CoTe with activated carbon
(AC), a highest specific capacitance of 67.3 F g* was achieved. The assembly reaches an
energy density of 23.5 W h kgt at 1 A g 1. By adding the redox additive K4Fe(CN)s in the KOH
electrolyte, the performance efficiency was promoted. A higher value of specific capacitance,
192.1 F g%, and an energy density of 67.0 W h kg™ at 1 A g™* were obtained with the addition
of a redox additive. However, the analogous response was not reflected in the stability since

the capacitance retention percent dropped from 92.3% to 80.7%.
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Cinnamon-like La,Tes thin film electrodes were grown by following the chemical bath
deposition (CBD) method.[27] The electrode showed a high specific capacitance value of 469
F g ata scan rate of 2 mV s and a capacitance drop of 27% was observed in 1000 cycles. In
addition, Chen and co-workers obtained orthorhombic CoTe,, which showed good OER
catalytic performance. A low 5 of 241 mV was observed at a current density of 10 mA cm 2
and a strong stability of more than 24 h was achieved.[28] In another report, Cu7Tes nanowires
were synthesized by a hydrothermal route, where the electrode catalyst displayed an » of 277

mV with a smaller Tafel slope of 33 mV dec™ ! and exhibited good stability for 24 h.[29]

Nevertheless, these reports still suffer from low cyclic stability, low specific capacitance, and
low energy density. Hence, a room is there to improvise the electrode behaviour based on
choosing appropriate synthesis techniques, elements, and reaction conditions. A very few
reports have explored the effects of concentrations of Co and Ni molar ratios on the
morphology alteration of Cobaltx Nickel(1.x Telluride (CoxNi-xTe) grown directly on NF.[30]
Moreover, the electronic and structural characteristics of CoxNi(1-x Te has not been illustrated
briefly. The morphology obtained previously are mostly restricted to the nanometric range due
to the complexity and time-consuming reaction steps. Prior research has not focused on the
performance of bimetallic Co-Ni-Te materials as a bifunctional electrode for OER and
supercapacitor application, but rather on either OER or supercapacitor application.[30-32]
Hence, the optimization of the Co/Ni ratio reactivity with Te could explore some unforeseen
properties and morphology that could deliver excellent electrochemical performance. To
ascertain the impacts of the Co/Ni ratio reactivity with Te on the structural and electrical
properties of CoxNi(1-xTe and investigate its bifunctional electrode property, more research is

necessary.
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It is a well-known fact that in the traditional slurry coating method, the presence of polymer
binder often has a negative impact on the electrochemical efficiency. Therefore, it is better to
breed the active material straight onto the current collector without any binder, which would
save time, utilize the active material surface, have no loss of mass loading, high conductivity,
and better rate performance. Herein, we report a simple and scalable one-step oven-based wet
chemical method for synthesizing bimetal ternary composite 1D Cox Ni@-xTe microfibers
(MFs) directly grown on NF. The role of the Co/Ni molar concentration ratio reactivity with
Te in the formation of various structures, as well as their electrochemical performance as
bifunctional electrode, was thoroughly investigated. The Co/Ni ratios reactivity with Te
significantly affect the surface structure and electrochemical behavior of metal telluride. The
CoxNi@-xTe MF grows with a dense 1D web-like network on NF, which facilitates strong
diffusion of ions and electron transfer. [33, 34] As a result, the synthesized Cog.75Ni 0.25Te/NF
achieves an areal capacity of 188.9 pAh cm™ (157.4 mAh g!) at the lowest current density of
0.8 mA cm in a three-electrode system. In addition, an HSC with Coo7sNio2sTe/NF//AC as
positive and negative electrodes was assembled, resulting in an excellent areal capacity of 77.9
HAh cm? (67.7 mAh gt). The assembled two-electrode system achieves a highest energy
density of 50.8 Wh kg* (58.4 uWh cm?) at a power density of 672.7 W kg™ (773.5 pW cm).
Moreover, excellent cyclic stability with capacity retention of 90.1% was obtained for 10,000
cycles. Furthermore, the electrode was tested for OER catalysis. Coo.7sNio2s5Te only required
an 5 of 289 mV to reach the current density (j) of 10 mA cm2with a Tafel slope of 102 mV
dec?, confirming its suitability as a bifunctional electrode. Besides, the Co/Ni ratio-based
electronic and structural properties of CoNiTe using the density functional theory (DFT)
calculation demonstrated the superiority of Coo.75Nio.25Te based on quantum capacitance values

and OH coverage range. The Coo.75Nio.25 Te composition shows better quantum capacitance due
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to the increased density of states near Fermi levels, and this composition also shows better OER

activity with increasing OH coverage.

2. Experimental

2.1. Material and Method Used

All reactants were used as received without any additional purification. SRL, India, supplied
the tellurium dioxide (TeO2) powder, cobalt (I1) nitrate hexahydrate (Co(NOs3)..6H20), and
nickel (1) nitrate hexahydrate (Ni(NO3)2.6H20). Hydrazine hydrate (N2H4.H20) was
purchased from Qualigen, India. Potassium hydroxide (KOH), ethanol (C2HsOH),
hydrochloric acid (HCL), acetone, AC, and ruthenium (IV) oxide (RuO2) were received from
SD Fine, India. Nafion was brought from SIGMA Aldrich, India. Methods of characterization

details have been given in section 1 of Supporting Information (SI).

2.2. Synthesis of 1D CoxNii-xTe MFs on NF

Coo.75Nig25Te MFs were grown on NF by following an oven-based wet chemical method.
Firstly, the NF was cleaned properly by ultrasonically agitating it in acetone, HCI (10%), water,
and ethanol solutions to eradicate the oxidative layers and dust particles. In the typical reaction,
Co(NOs3)2.6H20 (15 mM), and Ni(NOz)2.6H20 (5 mM) were dissolved in 50 mL distilled
water. TeO2 (20 mM) was dissolved in 50 mL of ethanol. Each of the precursor solutions was
prepared in separate beakers. To each of the stock solutions, 5 ml of N2Hs.6H>0 was added
and sonicated well until a clear solution was obtained. Each of the stock solutions was mixed
and sonicated well to prepare the growth solution for Cog.7sNio.2sTe MFs. A piece of cleaned
NF (1x2 cm?) was hung and dipped inside the reaction mixture, of which 1x1 cm? was covered
with heat resistant tape, and the rest of the area was kept exposed for the growth of active

material. Subsequently, the solution was covered and kept in the oven for 16 h at 75 °C.
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Afterwards, the reaction was allowed to cool at room temperature. The as-grown material on
NF was collected from the beaker, washed with distilled water, and dried in the oven at 65 °C.
The mass yield of active material grown on NF was 1.2 mg. The clean and dry electrode was
pressed with 3-ton hydraulic pressure to obtain a uniform electrode surface. Optimization of
Co/Ni ratios, i.e., (1:0), (3:1), (1:1), (1:3), and (0:1) were done to determine the structural and
performance variance depending upon the precursor ratios and are represented as
Co1.00Nio.00Te, Coo.75Nio.25Te, CoosNiosTe, Coo2sNio75Te, and Coo.coNivooTe, and the
concentration details are mentioned in Table 1.

Table 1: Concentrations of metal precursor for synthesizing CoxNii-xTe MFs on NF.

Material TeO, Co(NO,),.6H,0 Ni(NO3),.6H,0
(Co:Ni) (mM) (mM) (mM)
Col_ooNiolooTe (10) 20 20 0
Cop 75Nig 5 Te (3:1) 20 15 5
C0g 5oNigsgTe (1:1) 20 10 10
C00'25Ni0_75Te (13) 20 5 15
COO.OONil.OOTe (01) 20 0 20

2.3. Electrochemical Measurements

2.3.1. Three-electrode system

All the electrochemical measurements were done using the Electro Chem Origalys instrument,
Austin, USA. Basic optimization of electrodes and working mechanisms were determined by
cyclic voltammetry (CV), galvanic charge discharge (GCD), and electrochemical impedance
spectroscopy (EIS) tests on a three-electrode system in 2M KOH electrolyte. During the
experiment, Pt wire was used as the counter electrode, Ag/AgCl was used as the reference

electrode, and active material grown on NF served as the working electrode.
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2.3.2. Two-electrode system

After several studies, Coo7sNio2sTe MF was finalized as the positive electrode for HSC
assembly, with AC on NF as the negative electrode. To construct an HSC, a Swagelok cell was
used for the device fabrication, which comprises two circular NF electrodes. The two
corresponding electrodes were separated using a separator made of Whatman filter paper cut
into a circular shape and dipped in 2 M KOH electrolyte. Before testing, the electrodes were

soaked in the electrolyte. The areal capacity (Co, mAh cm™) and specific capacity (Cs, mAh g

1y of the electrodes were calculated from the GCD curves following eqn. (1).[35]

21 [vat

=1 = 1
X 3.6XxXAV (1)

Where, x denotes the mass (m, g) and area (a, cm). I, At, and AV corresponds to current (A),

discharge time (s), and potential window (V) after subtracting the internal resistance (IR) drop,
respectively. To measure the energy density and power density, eqns (2) and (3) are used,
respectively. In which E corresponds to the energy density (Wh Kg*or uwh cm?) and P

corresponds to the power density (W kg™ or pW cm2).%

1[Vvadt
E= (2)
3.6 Xx
3600 X E
pP=——— 3
At 3)

2.3.3. OER Measurement
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Standard measurements for OER were taken in the same three-electrode setup at a scan rate of
5mV s from 0 to 1 V vs. Ag/AgCI (active electrode area: 0.4 cm?, mass loading: 0.9 mg).
The 5 (overpotential against the RHE) was calculated by the following relationship:

n = Egagen +0.197 V +0.059x pH - 1.236 V- iR 4)

In which, Eagagcl) is the potential performed against reference electrode Ag/AgCI.

The electrochemical active surface area (ECSA) was measured by the following egn (5):

Ca 5)

ECSA =

N

Based on the previously reported value for metal oxides and hydroxides in KOH, herein, Csof
value 0.04 mF cm2 was taken for further calculation.[36] The Ca4 (double layer capacitance)
value is obtained from the slope plotted between capacitive current density and scan rates.
Cyclic voltammograms were obtained from the double-layer region (0 to 0.1 V vs. Ag/AgCl)
at different scan rates (5 to 100 mV s1). The roughness factor (RF) value was calculated by

following eqgn (6):

ECSA

(6)

2.4. Computational details

The DFT calculations were performed as implemented in the Vienna Ab-initio Simulation
Package (VASP).[37] The exchange and correlation effect was included using Generalized
Gradient Approximation (GGA) at Perdew-Burke-Ernzerhof (PBE) level.[38] The projected
Augmented Wave (PAW) method was used to describe the potentials of the atoms.[39] A plane

wave cut-off energy of 450 eV was used for the calculations. 5x5x1 k-points mesh using the

10
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Monkhorst Pack scheme was considered for structural optimizations, and 9x9x1 k-points were
used for density of states analysis. The calculations were performed until the total energy
converged to less than 10 eV per atom and the maximum force converged to less than 0.05
eV/A. The Grimme’s DFT-D2 method was used for VVan der Waal’s dispersion correction.[40]
Henkelman’s bader charge analysis is used for estimating the charges on the atoms.[41] The
CoTe unit cell was taken and Co atoms were replaced with Ni to attain the composition of
Coo.75Nig2s5Te, and further, the bulk model was cleaved along the 101 plane. The lattice
parameters of the super cell are a = 9.447 A, b =15.636 A, and it contains 18 Co-atoms, 6 Ni-
atoms, and 24 Te-atoms. Additionally, the same structure with the ratio CoosoNiosoTe is also
taken to compare the quantum capacitance activity. A vacuum of 15 A was considered along

the z-axis to remove any periodic interaction in the same direction.

3. Results and discussion

Well-grown CoxNi-xTe MFs were directly synthesized upon NF by using an oven-based wet
chemical method without any assimilation of binder. The binder free approach benefited from
growing the active material directly on the Ni substrate and engendering strong internal binding
among active materials and the current collector.[42] Moreover, the porous NF with a huge
surface area easily allows the material to penetrate as well as to grow inside part of the NF,
reducing the chance of peeling off active material.[43] During the synthesis, each of the metal
precursors was first reduced with N>H4.H20 and the corresponding solution were mixed along
with the current collector (NF) and allowed to age at 75 °C for 16 h. Scheme 1 illustrates the

schematic for growth of CoxNii-xTe MF on NF.

11
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Scheme 1. Schematic illustration of synthesis of CoxNii.xTe on NF.

The reaction was kept for 16 h, and the anisotropic growth tendency of Te along one plane aids
in the formation of the long fibril metal telluride structure. The self-scarification of Te
templates and the alloying process were hypothesised as the reaction's mechanism. Firstly,
metalloid oxyanion tellurite (TeOs%) is formed when TeO; reacts with N2H4, followed by self-
transformation into Te colloids such as amorphous Te (a-Te) and hexagonal Te (h-Te). The
high free energy of a-Te allows it to diffuse into the basal plane of h-Te for growth in one
direction.[34] Due to its high chemical reactivity with metals to generate metal telluride, h-Te
then serves as a self-sacrificing template in the single pot reaction. During the alloying process,
Co?* INi?* (M?*) are simultaneously reduced to their corresponding zero oxidation states and
then diffuse and react with the h-Te template to form metal tellurides. CoTe/NiTe were created,
and during this phase, the development phase was constrained in a 1D environment. The

reactions for the formation of CoTe and NiTe are shown below.
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2M2* + 2TeOs + 3NoHa.Ho0 — 2M + 2Te + 3N2T + 6H20 (7)

M+ Te - MTe (8)

To further support the function of Te in the development of 1D architect structures, Te was
investigated using field emission scanning electron microscopy (FESEM) analysis without any
counter metal ions in the reaction; the results of FESEM and energy dispersive spectrum (EDS)
are shown in Fig. S1. The inherent properties of anisotropic crystal structure growth of Te
towards a single plane led to the expected microfibril architect (Fig. S1A). The diameter of Te
MF was 110 + 30 nm as shown in Fig. S1B. The presence of the Te element in EDS (Fig. S1C)

confirms the formation of pure Te MFs.

To investigate Te’s reactivity with counter metal ions and its structure variance, the Co/Ni
ratios were optimized with Te in the reaction to finalize a better performing electrode. The
surface morphology of all the optimized metal tellurides was examined using FESEM analysis
and is shown in Fig. 1. The EDS (Fig. 1Aiii-Eiii) was performed by scratching out the as-grown
material from NF and drop casting it onto a Si wafer in order to evade the Ni elements from
the current collector and to identify the five samples. As observed from FESEM analysis (Fig.
1Ai and ii), the Co1.00 Nio.ooTe grew into long 1D microfibril structures. In EDS analysis (Fig.
1Aiii), the presence of Co and Te components was found, confirming the sample is purely
CoTe. Fig. 1Bi and ii show the FESEM images of Coo.7sNio2sTe MF/NF, which also display
long microfibril structure. The diameter of MF was measured, i.e., ~567 nm. From the FESEM
images, it was quite evident that, with the incorporation of higher Ni content (Fig. 1B-E) and
a simultaneous decrease in Co content to Te, the morphology changed from a dense microfibril
network to a broken and shorter MFs. The corresponding EDS analysis of Cog7sNio.2sTe,

Coos0NigsoTe, and Coo2sNip7sTe, as shown in Fig. 1Biii, Fig. 1Ciii, and Fig. 1Diii,

13
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respectively, confirm the presence of Co, Ni, and Te. Te has a strong anisotropic 1D-growth
tendency, and when combined with the proper counter metal ions during synthesis, it can create
lengthy fibril-like metal telluride structures. This microfibril structure, when grown
homogeneously on NF, is expected to enhance the electrochemical performance. Because
Ni and Co have different growth tendencies and reaction rates with Te, as well as varying
crystal structure stability, therefore there is a gradual change in morphology with changing
Co/Ni ratios with Te.[44-46] The Coo.0oNi1ooTe MF (Fig. 1Ei and ii) displays few granular
particles and fragmented MFs, and Ni and Te elements were found in EDS (Fig. 1Eiii),
supporting the synthesis of NiTe. Ni?* at high concentrations has very rapid reaction kinetics
with Te? because of which it results in broken MFs. Whereas, under the same reaction
conditions, Co based materials are very stable and display their characteristic hexagonal crystal
alignment with h-Te.[47-49] These results suggest that in the synthesis of CoxNii.xTe MF on
NF, CoTe is the significant dominant cause for the formation of stable microfibril networks,

and by adjusting the Co/Ni molar ratios with Te, the morphology may be tuned.

The inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis was carried
out for all the optimized Co/Ni molar ratios (CoxNi1.xTe MFs) to determine the exact weight
percentage of Co and Ni in the final obtained samples and are summarised in Table ST1 of Sl.
The molar ratio of the Co and Ni, elements follows the same pattern as the precursor
Co(NO3)2.6H20 and Ni(NO3)2.6H20 ratio optimization because of the nearly identical weights
of Co and Ni. The weight percentages of the Co and Ni elements in the Coo.7sNig2sTe were

37.41% and 12.57%, respectively, which is nearly same as the optimized 3:1 molar ratio.

14



325

326

327

328

(A-i)-

=

£

11€0,.goNig oo Te [F(A-ii)

Counts (a.u.)

Counts (a.u.)

0 3000 6000 9000
Energy (eV)

Counts (a.u.)

0 3000 6000 9000
Energy (eV)

Counts (a.u.)

0 3000 6000 ot
Energy (eV)

Counts (a.u.)

6 30.00 60'0() 90'00
Energy (eV)

Fig. 1. FESEM image and EDS of (A-i-A-iii) Cov.ooNio.ooTe MFS/NF, (B-i-B-iii) Coo.7sNio.2sTe

MFs/NF, (C-i-C-iii) Coo.s0NiosoTe MFS/NF, (D-i-D-iii) Coo.2sNio.75Te MFs/NF, and (E-i-E-iii)

Co0o.00NizooTe MFs/NF.
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Fig. 2A shows the optical photograph of bare NF and deposited Cog.75Nio.2sTe MFs on NF. On
NF, active electrode material grew as a dark residue. Further, a detailed morphological study
for Coo.75Nio.2sTe MFs was done using the FESEM and TEM analyses. Fig. 2B confirms that
the synthesized Coo.7sNio.2sTe MFs are homogenously grown on NF. From the FESEM analysis
shown in Fig. 2C, it was observed that the microfibril networks were densely spread over the
current collector and the length of the MF was nearly 100 um long. Fig. 2D displays a closer
view of the microfibril dense network, and the diameter of the MF was measured from 30
different spots, and the corresponding histogram is represented in Fig. 2E. The MFs
predominately displayed a diameter within the range of 550-1050 nm. Furthermore, the
material was characterized by transmission electron microscopy (TEM). The growing material
was scraped out of the NF and mixed with water to prepare the sample for TEM analysis. The
solution was then dropped onto the shiny copper side of the carbon-coated copper grid and
subjected to further analysis. A fibril structure with a diameter of 557 nm was evidenced from

TEM analysis (Fig. 2F).

The lattice fringes measured from three different spots of the high-resolution TEM (HRTEM)
image (Fig. 2G) are 0.21, 0.28, and 0.16 nm, which match with the planes of (102), (101), and
(201), respectively, of CoTe and NiTe (ICDD no. 00-034-0420 for CoTe, ICDD no. 00-038-
1393 for NiTe). Because NiTe and CoTe have comparable ionic radii, their hexagonal crystal
configurations are almost identical, making it challenging to discern between CoTe and NiTe's

interplanar spacing.
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Fig. 2. (A) Optical photograph showing the growth of Coo.7sNio.2sTe MFs on bare NF. (B-D)

different magnifications of the FESEM images of Coo.7sNio2sTe MF grown on NF, (E)
histogram showing the diameter of Coo.7sNio2sTe MF, (F) TEM image, (G) HRTEM image,
and (H) SAED pattern of Coo.7sNio2sTe MF. (I) EDS showing presence of Co, Ni, and Te in
Coo.75Nio2sTe MF, (J) TEM image of Coo.7sNio2sTe MF selected for elemental mapping, and

(K-N) element mappings of Co, Ni, and Te, respectively, present in Coo.7sNio.2sTe MF.
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The selective area electron diffraction (SAED) pattern obtained from the HRTEM image is
shown in Fig. 2H. The characteristic diffraction spots in the SAED pattern along with the
obtained HRTEM image confirm its hexagonal crystalline nature. The corresponding
diffraction spots from the patterns match the (101) and (201) planes of CoTe and NiTe (ICDD
no. 00-034-0420-CoTe and ICDD no. 00-038-1393-NiTe). Fig. 2l shows the TEMEDS
spectrum of Coo.75Nig.25Te MFs, the existence of Co, Ni, and Te, along with additional Cu, C,
and O, peaks obtained from the sample grid, and unavoidable surface oxidation. To determine
the Co, Niand Te distribution along the MF, elemental mapping was carried out and it revealed
an alloy type of homogeneous distribution of Co, Ni, and Te, throughout the sample (Fig. 2J-

N).

To study the crystal phase of the synthesized CoxNii.xTe MF, and XRD pattern for all the
optimized material was obtained by scratching out the active material from NF and is displayed
in Fig. 3A. The XRD pattern for bare Te MF is shown in Fig. S1D. Te MF displays its obvious
characteristic hexagonal crystal phase (ICDD no. 01-079-0736) with a lattice constant of a=Db
= 0.44 nm and ¢ = 0.59 nm and a space group of P31 (152). The diffraction patterns for
Coz1.00Nio.0oTe MF and Coo.coNizooTe MF demonstrate the formation of CoTe and NiTe in a
hexagonal crystal phase matching the ICDD nos. 00-034-0420 and 00-038-1393, respectively.
In the case of CoTe, a lattice constant of a = b = 0.38 nm and ¢ = 0.53 nm with a space group
of P63/mmc was determined, which was nearly the same as the obtained lattice constant values
of NiTe, i.e.,a=b=0.39 nm, ¢ =0.53, with a space group of P63/mmc. While XRD patterns
of Coo.7sNio.2s5Te, CoosoNiosoTe, and Coo2sNio7sTe MF reveal the co-existence of CoTe and
NiTe in a hexagonal crystal phase. Since Ni?* and Co?" have a similar ionic radius and crystal
structure, the position of the CoTe and NiTe peaks obtained in the hexagonal phase are very

close with same planes and are difficult to distinguish.[50, 51] All the peaks from the XRD
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pattern were carefully examined, and it was observed that the peaks are broad and cover the 26
range of both CoTe and NiTe. The characteristics peak at 26 values of 26.4, 31.1, 33.3, 42.9,
46.5, 57.0, 58.2, 65.0, 76.4, and 77.2°, matching the (100), (101), (002), (102), (110), (201),
(103), (202), (211), and (203) crystal planes of hexagonally structured CoTe and NiTe phases.
A few additional peaks at 38.2, 40.4, and 52.0° correspond to (102), (110), and (103) crystal
planes of unreacted h-Te matching the ICDD no. 01-079-0736. Te's typical lattice constants
area=b =0.44 nm and ¢ = 0.59 nm; these values are near those of h-CoTe and h-NiTe. Simply
put, when Co and Ni interact with Te, a stable hexagonal crystal structure is produced, which

Te prefers to grow, and as a result, long microfibrils are formed.

Furthermore, X-ray photoelectron spectroscopy (XPS) analysis is used to evaluate the chemical
make-up and valence state of the synthesised MF. Fig. 3B's representation of the Cog.7sNio.2sTe
whole survey spectrum demonstrates the presence of Ni, Co, Te, C, O, and N. In the spectrum,
the C peak originates from the pre-treatment, the O peak might arise because of the unescapable
surface oxidation from the atmosphere, and the presence of N may be due to the residual
hydrazine hydrate from the reaction. In the high-resolution spectra of both the Co 2p and the
Ni 2p region, the spectra are deconvoluted into two spin-orbit doublets and two shake-up
satellites referred to as the Sat. peak. The production of CoTe is confirmed by the peaks at
binding energies of 781.5 eV and 796.8 eV in Fig. 3C that correspond to Co 2ps;2 and Co 2p1sz,
respectively. [52] Furthermore, it exhibits the characteristic binding energy separation value of
15.3 eV for the Co?" oxidation state.[53, 54] Two more peaks at 785.9 eV and 802.7 eV
correspond to the Sat. peaks of CoO, which are obtained because of the surface oxidation on
CoTe.[53] A similar observation was made in the case of Ni. Two substantial signals in the Ni
2p area (Fig. 3D), corresponding to the Ni 2ps;z and Ni 2p1 of the Ni-Te bond, respectively, at

855.8 eV and 873.1 eV, indicate the Ni?* oxidation state. The peaks at 861.9 eV and 880.5 eV
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correspond to the Sat. peaks, implying the existence of a Ni-O bond because of the surface
oxidation of NiTe. Moreover, it shows a characteristic binding energy separation value of 17.3
eV.[55] In the Te 3d spectrum of Fig. 3E, the peak fitting analysis depicts Te to be ina -2 and
+4 oxidation state. The peaks at 572.4 eV and 582.8 eV correspond to the Te 3ds,and Te 3dze
of Te?, with a binding energy separation value of 10.4 eV. Besides, the peaks located at575.7
eV and 586.1 eV indicate the development of TeO because of the surface oxidation of Te
species.[56] The presence of Co?*, Ni?*, and Te? strongly validates the existence of both CoTe

and NiTe in the sample.
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Fig. 3. (A) XRD patterns for all optimized CoxNiq-xTe MF materials, (B) XPS full survey

spectrum, (C) Co 2p region, (D) Ni 2p region, and (E) Te 3d region of Cog7sNig25Te MFs.

The zeta potential of Coo.7sNio.2sTe MF in water medium was carried out. The distribution
curve shown in Fig. S2A indicates the positive zeta potential of synthesised C0oo.75Nio.2sTe MFs
with a value of 14.0 mV. The positive zeta potential of Cog.7sNig25Te MFs demonstrates the

good physical stability of the colloidally suspended particles because of the electrostatic
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repulsion among each other. By using dynamic light scattering (DLS) measurement, the
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hydrodynamic diameter of the synthesised Coo.7sNio.2sTe MF was discovered to be 1644.7 nm,
as shown in Fig. S2B. The hydrodynamic diameter usually tends to be greater than the actual
particle diameter that was observed in FESEM analysis as it is the sum of the Cog.7sNio.2sTe
MF core diameter and the diffused electric double layer of water molecules, as illustrated in

Fig. S2C.

3.1. CoxNii-xTe MF/NF electrochemical performance

3.1.1. Three-electrode testing

To explore the electrochemical performance of all synthesized samples, CV, GCD, and EIS
tests were performed in the three-electrode setup in 2 M KOH aqueous electrolyte. Fig. 4A
shows the comparative CV plots of all the optimized CoxNii.xTe/NF ratios and bare NF
recorded at a scan rate of 100 mV s with a working window of 0 to 0.5 V. The capacitive
potential of the electrode could be determined from the area under the of the CV plot. As shown
in the CV plot, the bare NF contributed a very small integral area when compared to the
synthesized CoxNi1-xTeMF/NF, confirming that the synthesized CoxNi1-x TeMF/NF contributes
the majority of capacity. All the optimized electrodes showed prominent redox peaks (vs.
Ag/AgCI) in their CV plots, indicating a Faradaic charge storage mechanism dominated by
some noteworthy changes in the current intensity and peak positions, which are because of the
variance in mass loading as well as the Co/Ni ratio. The observed reversible redox peaks
originate because of the Faradaic redox transition between Co?*, Co*, and Co*" of CoTe and
Ni?* and Ni®* of NiTe in the presence of OH" ions in an alkaline electrolyte, respectively, and

the reactions are as follows:[30, 57]

CoTe +OH = CoTeOH +¢ )
CoTe(OH) + OH" = CoTeO + HXO+ ¢ (10)
NiTe + OH" = NiTeOH (11)
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The structural features and conductivity of the material depend upon the Telluride MF.
Moreover, the lower electronegativity of Te as compared to the upper chalcogen group element
gives an advantage, i.e., a frailer chemical bond with its bonding electrons, resulting an unstable
electronic state of the compound, making it more active towards redox reactions. Even though
the electrodes constitute both Co and Ni, they could not separate their corresponding redox
peaks because of the high current density arising from a reversible Faradaic redox reaction,
leading to the overlap of peaks. The current intensity obtained from the Coo.7sNio.2sTe/NF CV
profile was higher with a larger curve area compared to all other optimized Co/Ni ratios,
suggesting that Coo.7sNio.25 Te/NF is the best performing electrode. In fact, it was observed that
with a simultaneous increase in Ni content and a decrease in Co content in the metal telluride,
the curve area first increases and then gradually decreases. The charging and discharging
behaviour of all the optimized electrodes was further verified from GCD analysis, at a constant
current density of 3 mA cm over a potential window from 0 to 0.5 V, as shown in Fig. 4B.
The GCD profiles for all the optimized electrodes show a charging discharging plateau
(nonlinear curve) that reciprocates the Faradaic charge storage mechanism, consistent with the
CV analysis. The curve behaviour obtained from CoxNii.xTeMF/NF is quite similar to that of
Ni and Co-based battery-type electrodes.[18, 58] The discharging time in the charging and
discharging curve came out to be different for different optimized ratios. As observed in the
CV analysis, the GCD curves followed the same trend. The discharging time increases until
the (3:1) ratio of Co/Ni (Coo.7sNio.2sTe/NF) and then gradually decays with the increase of Ni
content, ensuring that Coo.7sNio2sTe/NF is a better electrochemical performer. The areal
capacity of all the optimized electrodes is measured following eqgn (1) at a fixed current density
of 3 mA cm? and the corresponding plot is shown in Fig. 4C. Co10oNioooTe/NF,

Coo.75Nig.25 Te/NF, Coos0NiosoTe/NF, Coo2sNio75Te/NF, and CogooNizooTe/NF with mass
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loadings of 1.1, 1.2, 1.4, 1.5, and 1.3 mg cm?, respectively, yielded an areal capacity of 39.5,
90.1, 83.1, 61.8, and 37.0 pAh cm™. The Coo.7sNio.25 Te/NF showed the highest areal capacity
among all the electrodes. The mass loading of the electrode material is a central factor in
influencing the electrochemical performance, so specific capacity was also computed using eqn
(1) at a constant current density of 3 mA cm™ for Co1.ooNio.coT€/NF, Coo7sNio2sTe/NF,
CoosoNiosoTe/NF, Coo2sNio7sTe/NF, and CooooNizooTe/NF to ensure the best performing
electrode. Fig. S3 shows that Coo.7sNio.25 Te/NF achieved the highest specific capacity value of
75.0 mAh gt as compared to all other optimized electrodes. And based on these values, the 3:1
ratio of Co/Ni for CoxNir-xTe/NF stands out among all the optimized ratios, confirming it to be

the best performing electrode.

The desirable electrochemical performance is achieved because of the superior electrical
conductivity of the Te-based composition, the synergistic effect associated with Co, Ni, and Te
elements, and the structural design of microfibrils. The anisotropic growth tendency of Te
avoids the disintegration of layered structures and favours the growth along one direction,
resulting in large microfibril networks on NF. Such growth generates a 1D electron transport
path, a large surface area, a strong ion interpenetrating network, a shorter diffusion space, and
sufficient exposure of active electrode sites towards the electrolyte. When the nickel content
was zero, Co1.o0Nio.00Te/NF induced the formation of a microfibril network on NF, which aids
the diffusion of electrolyte ions inside the deep core of the electrode to participate in the redox
reactions. Further, when the Ni content was increased (Coo.7sNio25Te/NF), it positively
influenced the electrochemical performance inherited from the high theoretical capacitance of
Ni-based compounds along with the microfibril structure.[59, 60] However, the same trend
couldn’t be followed when Ni content was further increased (CoosoNiosoT€/NF to

Coo.00NirooTe/NF). This happened because at higher Ni contents, nanoparticles along with
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microfibril structures grew and the fibril network started breaking, which negatively influenced
the electrochemical performance. Moreover, the synergistic effect at a 3:1 ratio of Co and Ni
with Te was more effective as compared to other optimized ratios. Therefore, the appropriate
Co/Ni ratio along with conductive Te in a wide microfibril network provides good electroactive
spots, a dense interpenetrating network, and minimal diffusion space that would be beneficial
for energy storage efficiency.[61, 62] Since the CoxNiixTe MF is directly grown on the
conductive NF, it provides adequate contact for the electrode on the inner side of the current
collector, plus it evades the use of any polymer binder that could have arisen dead volumeson

the electrode surface, enhancing the electrochemical performance.[63]

To confirm the veracity of the superior electrical conductivity of Te-based composition, EIS
measurements were carried out for all five optimized CoxNiixTe MF/NF samples over the
frequency range of 0.1 Hz to 100 KHz at an open circuit potential of 5 mV. The Nyquist curves
are shown in Fig. 4D, and a magnified view is in the inset of the plot. As can be observed, the
small semi-circular zone, which is present in all EIS plots at a higher frequency range
corresponds to the Faradaic charge transfer resistance (Ret). Rct arises from the electrode-
electrolyte interface, and is measured by the diameter of the semi-circular region. The linear
part in the low-frequency region of the plot indicates the capacitive characteristic, and the
horizontal intercept on the real axis (X-axis) of the plot represents the solution resistance

(Rs).[64, 65]
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522  Fig. 4. Electrochemical testing for all the optimized CoxNiixTeMF/NF electrodes in a three-
523  electrode system: (A) CV curves, (B) GCD curves, (C) Areal capacity at a current density of 3
524 mA cm?, and (D) the EIS curve. Electrochemical testing for Coo7sNio.2sTe/NF (E) CV curves

525  of at different scan rates, (F) GCD curves of at different current densities. (G) Areal capacity
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and specific capacity at different current densities. (H) Cyclic stability and coulombic
efficiency of Coo.7sNio 25 Te/NF at a current density of 10 mA cm?, (1) plot of log (peak current)

vs. log (scan rate), (J) CV plot showing diffusive and capacitive controlled contributions at a
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scan rate of 5 mV s, and (K) bar graph plot of diffusive and capacitive contributions under

different scan rates of 5-100 mVs™.

Of particular note, the magnitudes of Rs and Rt obtained for all CoxNii-xTe MF/NF samples
were found to be similar with some minor differences. The corresponding fitted circuit of the
EIS curve is shown in the inset of Fig. 4D. Previous reports for Ni-Co oxides have validated
the higher conductivity of bimetallic Co-Ni at a 3:1 ratio as compared to other ratios.r” & A
similar observation was obtained in the case of CoxNiaxTe MF. The Rs values for the
Co1.0o0NioooTe/NF,  Coo7sNio2sTe/NF,  CoosoNiosoTe/NF,  Coo2sNio7sTe/NF,  and
Co00.00Ni1.00Te/NF electrodes are 0.82, 0.71, 0.80, 0.84, and 0.84 Q, respectively. The Nyquist
plot of Cog.75Nio.25Te/NF showed the smallest semi-circular region, and the straight line had a
greater inclination toward the imaginary axis in the low frequency range. The Rt values for
Co1.00NioooTe/NF,  Coo7sNio2sTe/NF,  CoosoNiosoTe/NF,  Coo.2sNio75Te/NF,  and
Coo.00NirooTe/NF electrodes are 0.41, 0.36, 0.43, 0.44, and 0.45 Q, respectively. In brief, the
lowest value of Rt and Rs for Coo7sNio2sTe/NF signifies the effective contact of the
Coo.75Nio.25Te surface with the current collector NF and signify its better conductivity among

all other optimized electrodes.

Based on the preliminary studies, it was realized that the overall performance of the CoxNis-
xTeMF/NF electrode is not based on any single cause but the interplay of multiple causes like
composition ratio, morphology, and conductivity. As observed, Coo.7sNio.2sTe/NF stood outin
all the preliminary testing and was recognized as the final optimized electrode for further
electrochemical testing. Fig. 4E presents the scan rate dependent CV plots of Cog.7sNio.2sTe/NF
ranging from 5-100 mV s, With the increase in scan rate, the current intensity and the integral

area of the CV plot were increased. Because of the polarization of the electrode, the peak
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positions of oxidation and reduction gradually move toward higher positive and negative
potentials, respectively. However, at a high scan rate of 100 mV s, the shape of the plot
remains unaltered without any disappearance of redox peaks, with a peak to peak (AEp) value
of 0.29 V, indicating the quasi-reversible characteristic of Coo.7sNio2sTe/NF. Fig. 4F shows a
distorted triangular charging and discharging behaviour for Cog7sNio2sTe/NF applied at

different current densities due to reversible redox interactions.[66]

The areal capacity and specific capacity, respectively, were calculated from the discharging
curve at different current densities, as shown in Fig. 4G. The areal capacity calculated for the
Coo.75Nio.25sTe MF/NF electrode corresponding to current densities of 0.8, 0.9, 1, 2, 3, 4, and 5
mA cm?is 188.9, 152.4, 133.8, 101.6, 90.0, 81.6, and 75.0 pAh cm, respectively. The
observed specific capacity values of the Coo.7sNio2sTe/NF electrode are 157.4, 127.0, 111.5,
84.6, 75.0, 68.0, and 62.5 mAh g~!. With the increase in current density from 0.8 to 5 mA cm
2 the electrode preserved 39.7% of its initial capacity, confirming the excellent rate
performance of Coo.7sNio2sTe MF/NF. The highest achieved mass ratio capacity value for all
the optimized electrode materials while comparing them with the reported Ni and Co based
tellurides is given in Table ST2. To evaluate the long-cyclic stability of Cog75sNio2s5Te/NF,
repeated GCD analysis at a constant current density of 10 mA cm was carried out for 8,000
cycles in the three-electrode setup. Fig. 4H shows the coulombic efficiency and capacity
retention percentage with increasing cycle number, and the inset of the figure shows the GCD
curve of the first five and last five cycles. The Coo7sNio2sTe MF/NF electrode maintains
excellent capacity retention of 78.4% and coulombic efficiency of 101.3% even after 8,000
cycles. For adetailed illustration of the capacity decay of Coo.7sNio.25Te, the CV curve at a scan
rate of 40 mV s and the EIS plot of the Coo.7sNio.2sTe before and after the stability test are

shown in Fig. S4A and B, respectively. The Coo.7sNio2sTe MF/NF exhibits a decrease in the
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discharge time as well as in the integral area of the CV curve following the stability test because
directly dipping the electrode into KOH electrolyte makes it more wettable and raises the risk
of active electrode material peeling off during the continuous charge discharge test, which
lowers the stability. The Rsand Rt values acquired from the EIS test of Cog7sNio2sTe are1.01
and 0.42 Q, respectively; these values are slightly higher than the Rs and Rt values obtained

from the before stability test, which were 0.71 and 0.36 Q, respectively.

A theoretical investigation based on the CV curves was carried out by applying the power law.
[67, 68] The peak current of an electrode has an exponential relationship with respect to the
scan rate. The equation is represented below:

i =av’ (12)

log(i) = log(a) + blog(v) (13)

In which, i and v denote the current (A) and scan rate (Vs™), respectively, a and b are two
constants. In power law, the exponent "b" is the crucial factor in determining the charge storage
mechanism for an electrode. The slop obtained from the fitted line of the plot between log (peak
current) vs. log (scan rate) gives the b value. An ideal supercapacitor displays b value of “1”,
which corresponds to surface capacitive kinetics, while an ideal battery displays b value of
“0.5” because of diffusion intercalation kinetics. Fig. 41 shows the plot between log (peak
current) vs. log (scan rate), and the slops (b values) obtained from the C0o.7sNio.2s Te/NF with
respect to the anodic and cathodic plots are 0.45 and 0.58, respectively, indicating a diffusive
controlled process is dominating in the Cog.7sNio2sTe/NF. The plot of peak current positions
with respect to the square root of scan rate shown in Fig. S5 preserves a linear relationship,
indicating a diffusion-controlled reaction to be dominant at the electrode-electrolyte interface.
At a specific voltage, the total current i(V) is contributed by two terms of scan rate, constituting

capacitive-controlled and diffusive-controlled processes, and can be expressed as:
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604 (V) = kg + kao®® (14)
605  The first half of the equation kjv is the contribution of current from the surface related 606
capacitive-controlled reaction, and the second half of the equation k,v®° is the Faradaic current 607

contribution.[69] By dividing v*° on both the sides of the equation, a straight-line equation “y

608 =mx + ¢” is obtained.
iV) _
609 —= Ktk (15)
o0
610 The values of constants ki and kz are measured by fitting a line to the plot of W Gs v%® where

005

611  kiand kzare obtained from the slope and intercept of the line, respectively.[70] Fig. 4] shows

612  the graphical representation of the capacitive contributions in the CV plot at a scan rate of 5
613 mV s, respectively. The sky region and violet regions in the CV plot indicate the capacitive
614  and experimental current contributions, respectively. From both the curves, it was realized that
615 the diffusive process is the major current contributing factor from the Cog7sNio.2sTe/NF
616  electrode.

617

618 A comparative bar graph plot of diffusive and capacitive contributions under different scan
619 rates of 5-100 mVsis shown in Fig. 4K. Clearly, it was observed that the fraction of capacitive
620  percent gradually increases from 10.7% to 34.5% with the increase in scan rate, while the
621  diffusive percent decreases from 89.3% to 65.5%. The trend based on the scan rate indicates
622  that at a low scan rate, the Coo.7sNio.2sTe/NF electrode was given enough time to undergo
623  Faradic redox transitions, favouring a higher diffusion percentage in total performance. With
624  the elevation of the scan rate from 5 to 100 mV s, some of the electrode ions preferred to
625 adsorb physically at the electrode/electrolyte interface, contributing to a higher capacitive
626  percentage. However, for every scan rate test, a higher fraction of diffusive contribution as
627 compared to capacitive contribution was obtained, which signifies the fast reversible redox

628 transition and rate independent property of the Coo.7sNio.25 Te/NF electrode.
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629

630  3.1.2. Two-electrode testing

631  Considering the excellent electrochemical performance and Faradaic storage characteristics of
632  Coo.75Nio.2sTe/NF, an HSC assembly of Coo.7sNio.2sTe/NF with commercially available AC
633  was fabricated as the positive and negative electrodes, respectively, in 2M KOH electrolyte.
634  The detailed preparation and electrochemical testing of AC on NF are discussed in Sl, Section
635 9. The schematic is illustrated in Fig. 5A. The association of battery-type and EDLC-type
636  electrodes would explore their applicability in real-time energy storage applications. All the
637 electrochemical testing details for the AC have been given in Fig. S6. Fig. 5B displays that the
638  AC and Coo.7sNio.2sTe/NF are working in two different potential ranges; the AC in the negative
639  potential window (0 to -1 V) and the Coo.7sNio.2s Te/NF in the positive potential window (0 to
640 0.5 V). Based on this, the overall working voltage window of the Cog.75Nio.25Te/NF//AC
641 assembly can be extended to 1.5 V. The mass balancing of the corresponding two electrodes
642  was done using eqn (16), in which C is the specific capacity, AV is the potential window, and

643  mis the mass of the electrode material, with respect to which a mass of 1.1 mg was chosen for

644 AC.[71]
mqy _C_ AV™
T m
645 T chapt (16)

646 Fig. 5C-D illustrates the optimization of the working voltage window from 1 V to 1.5 V for the
647 C0o75Nio 25 Te/NF//AC by CV and GCD analysis at a scan rate of 100 mV s and a current 648
density of 5 mA cm™, respectively. As expected, the original shape of the CV and GCD curves

649  did not show any distortion until 1.5 V. So, a voltage window of 1.5 V was implemented for
650  further electrochemical analysis of the HSC assembly. The CV curve for
651  Coo.75Nio25Te/NF//AC was recorded by varying the scan rate from 0 to 100 mV s, as shown

652 in Fig. 5E. Apparently, the CV performance indicates the amalgamation of two different
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664

electrode behaviours: an EDLC-type and a battery-type electrode. In particular, at a lower
voltage window, a low current response was obtained, which is because of the EDLC-based
behaviour, while at a higher potential, a high current response corresponds to a rapid Faradaic
reaction owing to the characteristics of battery type material. A persistent shape of the CV
curve at various scan rates and a high amplitude in the current response from the zero current

baseline indicate a good capacitive characteristic of the Coo.75Nio.25 Te/NF//AC HSC assembly.

The GCD analysis for Coo.7sNio.2sTe/NF//AC was performed under different current densities
(0.8 to 4 mA cm) and is represented in Fig. 5F. A plot of areal capacity and specific capacity
with respect to various current densities is shown in Fig. 5G. The areal capacities of the HSC
Coo.75Nio.25Te//AC assembly electrode are 77.9, 70.1, 59.8, 54.7, 49.0, and 46.1 pAh cm2

corresponding to the current densities of 0.8, 0.9, 1, 2, 3, and 4 mA cm 2, respectively. Based

665 on the mass deposition, the specific capacity values of the Coo.7sNig.25Te//AC HSC are 67.7, 666

60.9, 52.0, 47.5, 42.6, and 40.0 mAh g ! at the current densities of 0.8, 0.9, 1, 2, 3, and 4 mA 667

cm 2. High energy density, power density, and long-term stability are the key requirements for

668

669

670

Coo.75Nio.25 Te/NF//AC to be established for practical applications. From the GCD curves, the

energy density and power density of Coo.7sNio.25 Te/NF//AC were calculated using egns (2) and

@3).
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Fig. 5. (A) lNlustration of HSC assembly of AC and Coo.7sNio.2sTe/NF. (B) CV curves of AC
and Coo.75Nio25 Te/NF, respectively, obtained at a scan rate of 100 mV s.Optimization of the
voltage window from 1 Vto 1.5V in (C) CV, and (D) GCD analysis, (E) CV curves at various

scan rates, (F) GCD curves at various current density, (G) areal capacity and specific capacity
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vs. current density, (H) Ragone plot, (1) cyclic stability of Cog.7sNio.2sTe/NF//AC for 10,000

cycles, and (J) EIS Nyquist curve of Coo.75Nio.2sTe/NF//AC with equivalent circuit.
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680

The Ragone plot (energy density vs. power density) with respect to different current densities

is shown in Fig. 5H, along with a comparison of recently reported similar works. The 681

assembled Coo.7sNio.2sTe/NF//AC delivered the highest energy density of 50.8 Whkg™ (58.4 682 pWh

cm?) at a power density of 672.7 W kg (773.5 pW cm2), which was comparatively high
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as compared to other similar reported materials.[52, 72-75] Even at a high-power density of
3498.1 W kg* (4019.4 pW cm2), an energy density of 30.0 Wh kg* (34.5 uWh cm?) wasstill
maintained. Overall, the results validate that Coo.7sNio.2sTe/NF//AC all in one is an excellent

electrode choice for supercapacitor applications.

The cyclic stability test of Coo.7sNio.2sTe/NF//AC for 10,000 cycles was done ata constant
current density of 10 mA cm. Fig. 51 shows the cyclic stability and coulombic efficiency of
the HSC assembly. The cell activates for the first 2000 cycles; therefore, there is a rise in
capacity during the initial cycles, and then its capacity value starts decaying gradually with the
increase in cycle number. The compact packing and well-established electrode contact
assembly of Cog.75Nio.2s Te/NF//AC resulted an excellent capacity retention of 90.1% and 100%
columbic efficiency even after 10,000 successive cycles. Table ST3 of SI summarizes a
comparison study of Coo.75Nio25Te/NF//AC with other recently reported Ni and Co
chalcogenide-based electrodes. The obtained energy density values and stability for the
assembled Coo.75Nio.25 Te/NF//AC were substantially higher than those reported for Ni and Co

chalcogenide-based electrodes.

An EIS plot was collected for CoosNio.2sTe/NF//AC before and after the stability test.
Co0o.75Ni0.25 Te/NF//AC Nyquist plot with an equivalent circuit is presented in Fig. 5J, and Fig.
S7 provides the fitted curve. From the plot, the Rs and R values obtained before stability are

0.55 and 0.46 Q, respectively, and even after the stability test, the Rs value was considerably
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near, i.e., 0.81, however, the R¢t value increases to 6.05 Q. After passing a stability test, the
Coo.75Nig2sTe electrode was examined using FESEM, EDS, TEM, XRD, and XPS
investigations in order to examine structural variation and the electrochemical reaction energy
storage mechanism. According to the analysis, there haven't been many noticeable changes to
the morphology, crystal structure, or valence state. Although the MF became a little
agglomerated (Fig. S8A), the initial 1D fibril structure was still intact, indicating the excellent
structural stability of synthesized Cog.7sNio.2sTe. Moreover, EDS analysis (Fig. S8B) confirms
the presence of Co, Ni, and Te elements along with O and K, which may arise because of the
residual KOH electrolyte interaction during the analysis. The TEM image of the Coo.7sNig.2s5Te
electrode after 10,000 cycles given in Fig. S8C shows similar results as obtained in FESEM
analysis. The XRD pattern obtained for the Coo.7sNio.2sTe electrode after 10,000 cycles shows
the stability of its hexagonal crystal structure (ICDD nos. 00-034-0420 (CoTe) and 00-038-
1393 (NiTe)), where there is no peak shift observed from its 0" cycle XRD pattern (Fig. S8D).
An additional peak of K was obtained, which is because of residual KOH electrolyte from
electrochemical performance matching the ICDD no.00-001-0500 of K. The XPS analysis of
the Coo.7sNIio.25Te after stability is given in Fig. S8E-G also confirms the almost same oxidation
state of all three elements due to the reversible redox transition. Nevertheless, there was some
peak broadening, which is a normal occurrence after such a lengthy stability test and is also
due to the presence of residual intermediate states of CoTe and NiTe after redox transition. A
strong, stable crystallinity, composition, and morphology obtained from Cog.7sNio 25 Te indicate

its suitability for real-time energy storage applications.

Finally, as demonstrated in Fig. 6A, the applicability of the Cog.7sNio.25Te/NF//AC device for
real-time application was tested by connecting two devices (4 cm?) in series and charging them

to 3 V for illuminating the red LED bulb. Fig. 6B shows the CV curve for single and two
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729 serially connected devices at a scan rate of 100 mV s, This confirms the voltage window can
730  beelongated twice of what obtained from a single device. The optical figure in Fig. 6C indicates
731  the serially connected device successfully illuminates the red LED bulb. With gradual
732 consumption of current, the brightness of the bulb dims (Fig. 6D). The red bulb lit up very
733 brightly and went out after 75 s. The video of the illumination of an LED bulb powered by two
734 serially connected supercapacitor devices for 75 s is shown in Section 13. All the results
735  definitely insights the promising potential of assembled Cog7sNio2sTe/NF//AC for future

736  energy storage applications.
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739 Fig. 6. (A) Optical image of experimental setup for single and 2-cell connected in series, (B)
740  CV curve obtained for single and 2 cell connected in serial at 100 mV s, optical photograph
741 of LED bulb lighting (C) att=0s, and (D) att =70 s.

38



742  3.1.3. OER activity of Coo.7sNio.2sTe/NF

743 The OER catalytic activity of the CoxNi-xTe/NF was investigated in 0.1 M KOH aqueous
744 electrolyte in the standard three-electrode system at a scan rate of 5mV s* in the working
745  window of -0.1to 0.6 V vs. RHE. For comparison, bare NF and commercial RuO,were tested
746  along with all the optimized CoxNi-xTe/NF under similar conditions. Fig. 7A shows the auto
747 iR (internal resistance) compensated linear scan voltammetry (LSV) plots for
748  Co0100NioooTe/NF,  Coo75Nio2sTe/NF,  CogsoNiosoTe/NF,  Coo2sNip7sTe/NF,  and
749  CooooNirooTe/NF, RuO,, and bare NF at a scan rate of 5 mV s*. Commercial RuO, was coated
750  on NF using a slurry coating technique, and the details of electrode preparation are mentioned
751  in Section 14 of Sl. The OER performance of Coo.7sNio.2s Te/NF was much better as compared
752  to all optimized electrodes, bare NF, and the commercial benchmark catalyst, RuO2. In detail,
753 Coo.7sNio2sTe only requires an 5 of 289 mV to reach the current density (j) of 10 mA cm,
754  while Co1.00Nio.0oTe/NF, CoosoNiosoTe€/NF, Coo.25Nio.75Te/NF, Coo.00Ni1.00Te/NF, commercial
755  RuO», and bare NF showed a low current response and a higher water oxidation # of 328, 344,
756 339, 398, 395, and 291 mV, respectively, at a current density of 10 mA cm. Also, compared 757
to other optimised electrodes, Coo 7sNio2s5Te exhibits a high current density of 60 mA cm? at a

758  constant overpotential of 0.4 V vs. RHE, which means that its oxygen evolution rate is
759  higher.[76] For in-depth determination of the OER kinetic mechanism, the Tafel slopes of the
760  catalysts were obtained from the plot of # vs. log(j), as shown in Fig. 7B. The OER catalytic
761  activity of different optimized electrodes followed the same trend as that observed in the case
762  of supercapacitor applications. The Tafel slopes obtained for Co10oNio.coTe/NF,
763 Co0o.75Nio25Te/NF, CoosoNiosoTe€/NF, Coo.25Nio75Te/NF, Coo.00Ni1.0oTe/NF, RuO», and bare
764  NF were 197, 102, 117, 136, 180, 127, and 221 mV dec™, respectively. The Tafel slope value
765  decreases until the (3:1) ratio of Co/Ni (Coo.7sNio.25Te/NF) and then gradually increases with

766  the increase of Ni content, ensuring Coo.7sNio.2s Te/NF possesses the fastest OER kinetics. The
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Coo.75Nio.2s Te/NF Tafel value demonstrates that the rate-determining step is at the termination
of the multiple electron transfer reaction mechanism.[77] The significantly lower  and Tafel
slope value for Cog7sNio2sTe as compared to all optimized electrodes, bare NF, and RuO»,
demonstrates its excellent OER catalytic behaviour. Fig. 7C shows the comparison of # and
Tafel slope values for Coo.75Nio2sTe/NF, commercial RuO2, and bare NF, among which

Coo.75Nig25 Te/NF excels in both of the values.

The EIS measurement was carried out with respect to applied » vs. Ag/AgCl at a frequency
range of 0.1 Hz to 100 kHz (Fig. 7D). The fitted equivalent circuit with respect to optimized
electrode material is given in Fig. S9A-C, and the corresponding Rs and R valuesare
summarised in Fig. S9D. From the EIS curves, it is quite evident all optimized CoxNig-xTe/NF
electrodes showed similar curve characteristics, the R value obtained for Coo.7sNio.2sTe MF is
smaller, i.e., 1.02 Q, as compared to Co1.0oNio.ooTe/NF (1.51 Q), CoosoNiosoTe/NF (1.21 Q),
C00.25Nig.75Te/NF (1.63 Q), Coo.00Ni1.00Te/NF (1.12 Q), bare NF (21.94 Q) and much smaller
than RuO2 (12.98 Q) indicating higher conductivity of Coo.7sNio.2sTe MF. The excellent OER
performance of CoosNio2sTe MF at low concentration electrolyte, i.e., 0.1 M KOH, was
achieved because of the homogenous in-situ growth of fibril networks on the NF, which
provides a high electrochemical surface area and evades the use of any binder, thus providing
improved ion Kinetics.[77] Moreover, benefiting from the synergistic effect of conductive Te
and multi-metal Co and Ni, they offer low charge transfer resistance and efficient electron

transport between catalyst and substrate.
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Fig. 7. Electrocatalytic testing: (A) LSV curves, (B) Tafel plots (i vs. log(j)), (C) comparison

of n and Tafel slope value, and (D) EIS curve of all optimized CoxNi(1-x Te/NF electrocatalysts,

commercial RuOzand bare NF, (E) Chronopotentiometric curve of Cog.7sNig2sTe/NF in 0.1 M

KOH electrolyte at constant current density of 10 mA cm, and (F) LSV polarization curves

of initial and after 20 h at a voltage window of 0.6 V.
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Another important requirement is the long-term stability of electrode catalysts for OER. Fig.
7E shows the stability test done for Coo.7sNio.2sTe MF/NF at 10 mA cm for continuous 20 h
OER reactions. After 20 h of consecutive cycling, there was a slight decrease in the j value, but
the efficiency remained at 90.7 %. Fig. 7F shows the before and after stability LSV plots, which
show there is a small declination of the # value, i.e., 28 mV, from its initial cycle, confirming
its excellent catalytic stability. After the stability test, the material was characterized by
FESEM EDS, TEM, and XRD analyses, as shown in Fig. SI0A-D. The long microfibril
network of Coo.7sNio.25Te was still obtained, and no other damage was found even after 20 h of
OER reactions, showing its excellent structural stability. EDS analysis shows the presence of
Co, Ni, and Te elements along with K. The TEM image of the Coo.75Nio.25 Te electrode after 20
h confirms the similar results observed during FESEM analysis. A comparative XRD pattern
before and after 20 h analysis for the Coo.75Nio2s5Te electrode reveals the stability of its
hexagonal crystal structure. An additional peak of K was obtained from residual KOH
electrolyte during electrochemical performance. Such good electrochemical and structural
stability confirms the suitability of the electrode in OER applications. The comparative study
of synthesized Coo.7sNio.2sTe MF with other reported Ni/Co based water oxidation catalysts is
listed in Table ST4, and it demonstrates its superiority over other reported Ni/Co based

electrocatalysts.

To determine the number of active sites of the catalyst all optimized CoxNi(1-x Te MF and RuO,

814 ECSA, and RF values were measured from C4 evaluated by the non-Faradaic CV region for 815

different scan rates by following eqgns (5) and (6) respectively (Fig. S11A-F). The Ca4, ECSA 816 and

RF values are obtained from the slope plotted between capacitive current density vs. scan

817

818

rates as shown in Fig. S11G, and the values are summarized in Fig. S11H. C0o.75Nio.2s Te/NF

displayed maximum Cgq, ECSA, and RF as compared to all optimized Co/Ni ratios, i.e., 6.26
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819 mF cm, 156.50 cm?, and 391.25 respectively. Even though these values were much lower than
820 the Ca, ECSA, and RF values of RuOy, i.e., 13.74 mF cm?, 343.50 cm? and 858.75, 821
respectively. The overall catalytic performance was in favour of Coo7sNio2sTe MF as

822  compared to other optimized electrodes because of its higher conductivity and stable, long
823  microfibril network associated with the multielement synergistic effect of Coo.7sNig.2sTe.

824

825  3.2. Theoretical study using density functional theory (DFT)

826  The model structure considered for the study is shown in Fig. 8A. To estimate the quantum
827  capacitance, the density of states is computed for three compositions, Coo.75Nio25Te,
828  CoosoNiosoTe, and Coo.2sNio.7sTe (Fig. 8B, C, and D). Quantum capacitance is calculated using
829  the following formula:

830 Cq=6?[" D(E)Fr(E-ep)dE (17)

831  Where, D(E) and ¢ represent the density of states and electrode potential of the given system,
832  respectively. Fr(E) stands for the thermal broadening function due to the thermal effect, which
833 is estimated using the following equation:

834

835  Fr1(E) = (4KT)! sech’(E/2KT) (18)

836

837 Here, K and T represent Boltzmann’s constant and temperature, taken as 300 K. Quantum
838  capacitance values calculated for three compositions are shown in Fig. 8E.

839  To calculate the quantum capacitance of the material the (101) plane was chosen since in the
840  experimental XRD analysis the intensity peak along (101) plane is higher than the peaks
841  observed along other different planes. Hence, the higher number of atoms of the system
842  considered are oriented along this direction i.e., along (101) plane. The quantum capacitance

843  of composition Cog 7sNio.2sTe for two different planes (101) and (001) was also computed as
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844  shown in Fig. S12. And it is clear that the obtained quantum capacitance value is found to be

845  higher for (101) plane than (001).
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847 Fig. 8. (A) Top and side views of the supercell model structure of Coo.7sNio.2sTe cleaved on

848 101 plane. Blue, green, and brown coloured spheres represent the Co, Ni, and Te atoms,
849  respectively. Density of state plots of (B) Coo.7sNio2sTe, (C) CoosoNiosoTe, and (D)

850  Coo.2sNig.75Te. (E) Quantum capacitance plots for varying electrode potentials for compositions
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851

852

Coo.75Nig.25Te, CogsoNigsoTe, and CogosNip7sTe.
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853 For Cog.75Nig.25 Te, the maximum and minimum values of quantum capacitance are estimated 854

to be 1160 uF cm? at -0.6 V and 380 pF cm at 0.6 V, respectively. For CoosNiosTe, the 855

maximum quantum capacitance value is at the applied voltage of -0.6 V, or 790 uF cm? and 856 the

minimum is 340 uF cm™ at 0.6 V. And for Coo.2sNio7sTe, the maximum 569 uF cm?and 857  the

minimum 338 pF cm™ values of quantum capacitance are found at -0.4 V and at 0.6 V,
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877

respectively. The results prove that the Coo.7sNio2sTe composition is better than the
Coo.50Nigs0Te and Coo.2sNio.75Te compositions for quantum capacitance, which is due to the

enhanced density of states near the Fermi level.[78, 79]

Experimental analyses show the presence of OH during the catalytic reaction process. So, two
cases of OH coverage are considered for the theoretical OER activity study, as shown in Fig.
S13. Firstly, the OH molecule’s adsorption energy on the Co, Ni, and Te is estimated, and OH
has high adsorption on Co atom. The binding energies of the OH molecule on the Co, Ni, and
Te atoms are -3.62 eV, -3.05 eV, and -2.93 eV, respectively (Fig. S14). Also, it is well known
that among the transition metals, Co shows high OER activity.[80, 81] So, Co-atom as an active
site with two OH coverages (considering a total of 8 atoms including Co and Ni, one adsorbed
OH, i.e., 1/8 =0.125, and three adsorbed OH, i.e., 3/8 = 0.375) on the surface is considered for
estimating the OER activity. The OER activity with Ni as an active site is also estimated under
0.375 OH coverage (Fig. S15). Even under high coverage, the overpotential is high at 1.14 V,
thereby proving Ni is not an active site. The OER activity is estimated using the following free

energy equations under alkaline conditions:

AGl=*+40H - OH*+ 30H + ¢ (19)
AG2 =OH* + 30H +e > O* + H20 + 20H" + 2¢ (20)
AG3 =0* + 20H +H,0 + 2 > OOH* + H,O + OH™ + 3¢ (21)
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AG4 = OOH* + H,0 + OH" + 3e" > Oz + 2H20 + de” (22)

Here, * represents the active site on the surface. For 0.125 OH coverage, two Co atoms, Col
and Co2, are taken as active sites. Col has Co-atoms as its nearest neighbours, while Co2 has
Ni-atoms. The structure models and free energy plots are given in Fig. 9A-Ai-C-Ci. From the
plots, the overpotential on Col ism =1.46 V, and on Co2 itis n = 1.58 V. These overpotentials
are very high, thereby proving that at 0.125 OH coverage, the surface is not efficient for OER.
Free energy is estimated on Co3 as an active site for 0.375 OH coverage (to be noted that the
OH molecules are fixed to prevent them from interacting with each other when estimating the

free energies).

The overpotential is significantly reduced to n = 0.76 V. Out of four possible potential
determining steps (PDS) (red-coloured numbers in Fig. 9A), the 3" step, i.e., AGo to AGooH,
is the PDS. This shows strong O* interaction with the surface, and its role in determining the
PDS is well explained by Samadhan et al. [82]. Also, only in this case, the O* intermediate
binds in enolate form, unlike in the other two cases (Fig. 9C). Further, the d-band center of the
active sites is calculated as it is a known catalytic descriptor for transition metals [83]. When
the OH coverage is increased, the d-band center becomes more negative with respect to the
Fermi level, which would reduce the O* intermediate binding, thereby reducing the
overpotential as well (d-band for sites Col, Co2, and Co3 are -1.41 eV, -1.49 eV, and -1.59
eV, respectively, shown in Fig. S16. This shows that increased OH coverage helps in reducing
the otherwise high O* binding on the Ni neighboured Co site, which increases OER efficiency.
These findings unequivocally support the hypothesis that produced Coo7sNio25Te/NF
bifunctional electrode has enormous potential to meet the current need for energy storage and

electrocatalytic application in our daily needs.
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Fig. 9. Structure models showing adsorbed intermediates of OER (OH*, O*, and OOH*) on

active sites and corresponding free energy plots for OER activity on Coo.7sNig.25Te surface on

active sites (A, A-i) Col, (B, B-i) Co2, and (C, C-i) Co3, respectively. Adsorbates and

corresponding active site atoms are represented as spheres, rest of the atoms are indicated in

line and stick models. The colours of the spheres/sticks are the same as represented in previous

the Figures.

4. Conclusions

In this paper, an oven-based wet chemical method was adapted for synthesizing

CoxNi@xTe MFs on NF and shows enhanced activity for both supercapacitor and OER

activity. It was observed that based on various Co/Ni ratios reactivity with Te, CoxNiaxTe
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915

MFs/NF displayed morphological

alteration and variable electrochemical

behavior.
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916

917

918

919

920

Electrochemical tests revealed Coo7sNio2sTe/NF to be the best performing electrode as
compared to other optimized electrodes. At this particular composition, the inheritance of high
theoretical capacitance of Ni-based compounds, along with the perfect microfibril network on
NF, helps achieve the highest electrochemical performance. Moreover, conductive telluride

and synergistic effects from Co, Ni, and Te help in enhancing the electrochemical performance.

921 The Coo.75Nio25Te/NF achieved a maximum areal capacity of 188.9 pAh cm™ (157.4 mAh g!)

922 at a current density of 0.8 mA cm2in a three-electrode system. Additionally, an HSC assembly

923 of Coo.75Nio.25 Te/NF with AC was fabricated, from which a maximum areal capacity of 77.9 924

HAh cm2 (67.7 mAh gl) at a current density of 0.8 mA cm?was obtained. The assembled two- 925

electrode system reaches the highest energy density of 50.8 Wh kg™ (58.4 uWh cm) at a power 926

density of 672.7 W kg (773.5 pW cm), and an outstanding stability of up to 10,000 cycles

927 with capacity retention of 90.1% was achieved. As an electrocatalyst, Coo.75s Nio.2sTe MF/NF 928

only required a low # of 289 mV to reach a current density of 10 mA cm2 with a Tafel slope 929  of

102 mV dec? in 0.1 M KOH for OER. Further, a DFT study of the composition

930

931

932

933

934

935

936

937

938

939

Coo.75Nio.25Te shows better quantum capacitance due to the increased density of states near
Fermi levels, and this composition ratio also shows better OER activity with increasing OH
coverage. The outcomes surely highlight the potential of Cog.7sNio.2sTe MF as an electrode for

future real-time energy storage and conversion applications.
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