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Abstract: Thin films of gadolinium oxide and gadolinium oxide-based electrodes were deposited on a stainless steel
substrate employing the successive ionic layer adsorption and reaction (SILAR) method. The X-ray diffraction (XRD)
study showed the formation of amorphous material on a substrate and the composition of the material was confirmed by
the energy dispersive study (EDS). The water contact angle measurement showed the super-hydrophobic surface of the
deposited material. The morphology showed gadolinium oxide resembled finger chip-type morphology while fungus-
like and crocodile-back-like morphologies were observed for gadolinium oxide-copper oxide and gadolinium oxide-
activated carbon (AC) composite correspondingly. The cyclic voltammetric measurement for supercapacitor application
was carried out in a 0.2 M non-aqueous KCIl electrolyte. It designated that the gadolinium oxide electrode with 94.22°
contact angle had 106.25 F-g" specific capacitance. The super capacitance of electrodes was found to be depending
on the contact angle concerning composition and morphology. The gadolinium oxide-copper oxide having 156.70°
water contact angle possessed a specific capacitance of 52.66 F-g" while the gadolinium oxide-AC composite electrode
carried 76.20 F-g”' specific capacitance for 157.49° contact angle.
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1. Introduction

Supercapacitors have quickly become one of the most important electrochemical energy storage technologies due
to their capacity to store electrical energy at a much bigger extent and rate than conventional capacitors and batteries.
That’s because supercapacitors are superior to those other two energy storage methods in terms of performance. A
higher specific power density and lower internal resistance allow supercapacitors to store and distribute energy at
much higher rates than more traditional energy storage devices [1-2]. A standard supercapacitor can be one of two
varieties, each with its own unique energy storage mechanism [3]. The electrostatic charge accumulated at the electrode/
electrolyte interface is the only source of capacitance in “electrical double layer capacitors” (EDLCs). This means
that the electrode material’s surface area has a significant impact on the capacitance. When it comes to the second
type, a pseudo-capacitor, electro-active species are required to kick off fast reversible faradic reactions [4]. Due to
advancements in nanotechnology, a wide variety of nanomaterials, nanostructures, nano-architectures, and nano-hybrids
are now available options for use as supercapacitor electrodes [5-6]. It has opened up several hitherto untested avenues
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for improving supercapacitor performance.

Carbon nanomaterials and their different hybrid topologies are commonly used in the fabrication of electrodes
for high-performance supercapacitors. For instance, the high specific capacitance of 529.5 F-g" and 237.3 F-g" at the
current density of 1 A-g" and 10 A-g”, and after 2,000 cycles have been reported for the electrodeposited MnO, on
porous nickel foam [7]. Asymmetric supercapacitors with high energy density and high specific capacitance based on
Ni-Co-Mn multiphase metal structure MOF showed a specific capacitance of 1,575 F-g" at 1 A-g" with remarkable rate
capability and cycling stability [8]. There is a wide variety of carbon nanomaterials, including single-walled nanotubes
(SWNTs), fullerene, multi-walled nanotubes (MWNTs), activated carbon (AC), graphene (Gr), graphene oxide (GO),
reduced graphene oxide (rGO), and their hybrid architectures with polymers, metals, metal-organic frameworks
(MOFs), and metal oxides [9-16]. Supercapacitor electrodes made from C-built materials, such as ACs and CNTs, are
popular because of their many desirable physical and chemical properties [17]. They were regarded as researchable
by experts due to their many enticing properties which comprised low price, a variety of shapes, ease of production,
benign electrochemistry, regulated porosity, and electrocatalytically active sites for a variety of redox reactions.
Activated carbon is typically understood to refer to a porous, three-dimensional and easily available carbon material
with an irregular lattice structure that has high power and energy capabilities [18]. In addition to that vcarbon materials
also had excellent specific capacitance derived from Chinese date [19] and efficient access of voltammetric charge in
hybrid supercapacitor configured with potassium incorporated nano-graphitic structure derived from cotton (Gossypium
arboreum) as negative and electrode [20]. The functionalized reduced graphene oxide/hexagonal boron nitride (rGO/
h-BN) superlattice on the nickel foam electrode showed a high specific capacitance of ~1,300 F-g' [21].

Recently, rare earth (RE) material electrodes have also been attracted for the reason of psedo-capacitor behaviour
since the oxidation state of the RE ion converted from (almost) 4" to a mixture of 3" and 4" [22, 23]. In the study of
supercapacitor thin film electrodes of cerium oxide showed a specific capacitance of 78 F-g" and power density is
13.33 KW-Kg" in non-aqueous electrolytes [24]. Nanostructured lanthanum sulfide electrode with 46.9° contact angle
exhibited a specific capacitance of 121.42 F-g"' in 1 M Na,SO, electrolyte [25] and enhanced up to 312 F-g"' by making
a composite with graphene oxide [26]. The films Gd,O; prepared by pulse deposition and then POAP polymerization
showed Specific capacitance, specific energy and specific power of 300 F-g', 41.66 W-hkg"' and 833.22 W-kg"
respectively [27]. The egg-shaped gadolinium vanadate (GdVO,) nanoparticles prepared using the simple soft chemical
route presented specific capacitance to be 494, 480, 325, 190, 100 and 73 F- g’1 at current densities of 1, 2, 4, 6, 8, and
10 A-g" [28]. The multifunctional cubic lattice Gd,0,/CdO composite synthesized by the sol-gel method had a specific
capacitance of 521 F-g" which is higher than the reported CdO and Gd,O, oxides [29]. The gadolinia/nickel sulphide
nanocomposite synthesized by the hydrothermal method offered a high specific capacitance of 354 F-g" at a constant
current density of 0.5 A-g"' [30]. A composite material of Gd,0,, Co,0, and graphene on nickel foam had high
specific capacitance of 3,616 F-g”' with high-stability [31]. A Pulse electrosynthesised gadolinium oxide nanocomposite
with polymer exhibited a specific capacitance of 300 F-g” for energy storage device [32]. A gadolinium oxide (Gd,0,)
in Carbon Nanofiber Skeleton had 162.3 F-g"' specific capacitance in supercapacitor application [33]. The as-synthesized
electrode of Gd,0,/CuS possesses admirable rate performance (367 F-g"') and excellent cycle life [34]. These results
may provide a new way to prepare composite electrodes for use in energy storage applications and promote other rare
earth nanostructures.

The aim of this work was to synthesis and evaluate the performance of gadolinium oxide and gadolinium
oxide mediated (by addition of other transition metal oxides and carbon base) electrode material for supercapacitor
application. In this regard, the experiments were carried out to deposit the gadolinium oxide and composites with copper
oxide and activated carbon by successive ionic layer adsorption reaction method on the stainless steel (SS) substrate.
Further structural, and morphological studies were carried out by X-ray diffraction, scanning electron microscopy (SEM).
The electrochemical characterizations were carried out in a non-aqueous KCI electrolyte. The performances of the
electrodes were compared concerning material properties, morphologies along with water contact angles (WCA).

2. Experimental

The depositions of gadolinium oxide and its composites of thin films were carried out using the SILAR method
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with both anionic and cationic precursors. The 0.01 M cationic solutions were prepared by AR grade gadolinium nitrate
hexahydrate, copper sulphate and activated carbon (AC) in double distilled water separately. The composite thin films
were prepared from the combination of equal concentrations of two different solutions mixed with constant stirring. The
desired quantity of AR grade NaOH powder was immediately transferred and dissolved in double distilled water to form
0.01 M anionic precursor. The thin films were deposited on the stainless steel substrates by alternate dipping in anionic
and cationic precursors. The thicknesses of films were determined by the gravimetric method [35] and calculated as the
weight deposited by dividing the effective area of film (g-cm™) on the substrate. The films were characterised using XRD
techniques with Cu K, radiation (1 = 1.5418 A°) on a Rigaku Ultima diffractometer in the 20-80° scanning angle range
to obtain structural information. The films were scanned using JEOL JSM-6360 scanning electron microscope (SEM)
at different magnifications to study the appearance of material deposit. The elemental existence was also confirmed at
the same instant by the energy dispersive spectroscopy (EDS) unit. The hydrophilicity of the sample was determined
using water contact angles (WCA) by contact angle metre (HO-IAD-CAM-01-Holmarc Opto-Mechatronics). The
electrochemical behaviour of deposited materials for supercapacitor application was tested in 0.5 M KCI (aqueous and
non-aqueous) electrolytes. The cyclic voltammetry (CV) experiments were carried out by using three electrode system
where a saturated calomel electrode (SCE) was used as a reference, platinum as a counter and deposited films as a
working electrode while the galvanostatic charge discharge (GCD) was carried out using two electrode system.

3. Result and discussion
3.1 Thin film formation

In the present experiment stainless steel (SS) grade 304 was used as substrates which constitutes a minimum of
66% iron, 17% chromium, and 8% nickel as per American standard stainless steel grade while the remaining part is
composed of carbon, manganese, silicon, nitrogen, phosphorus, and sulfur. The substrate plays a crucial part in the
deposition which should be clear of contaminants [36]. Before deposition substrates were mirror-polished with zero-
grade polish paper and then washed with detergent then distilled water. After that substrates were cleaned ultrasonically
and dried with hot air and methanol. In the deposition process of gadolinium oxide, the temperature of the anionic
(OH) and cationic (Gd’") solutions were sustained at 300 K. In order to adsorb the gadolinium ions on the substrate, it
was first submerged in a cationic precursor solution. After that, the substrate was washed in distilled water to remove
any unbounded gadolinium ions. The substrate was introduced in the beaker continually through fixed time and is
referred to as the adsorption time upheld in a cationic bath while the time in anionic bath is referred to as reaction time
[37]. The gadolinium oxide (hydrated) film establishment was witnessed via iterating such a process involving the
anionic precursor OH" ions and Gd’* ions. In one cycle of deposition, adsorption time and reaction time was 30 sec. and
10 sec. respectively while rinsing time was 10 sec. in distilled water in between the reactions. A layer formed after 50
cycles of deposition that was found to be suitable for further characterizations including electrochemical investigation
for supercapacitors. Again same procedure was also used to formulate the composite electrode.

3.2 Characterizations of thin films
3.2.1 Thickness measurement and XRD studies

The gravimetric weight difference is a rapid and easy approach that can be used to measure film thickness (7) by
using the formula [38].

1=—" (M

where m is called the mass difference given as m = m2 — m1 (m1 = mass of the substrate before the deposition and m?2
= mass of the substrate after the deposition). 4 is the area of the deposited film and d is the density of material in bulk
form. Here it is noted that the density of the thin film is different than the bulk density and not applicable for porous
and/or rough morphology so the final thickness was calculated as deposited weight by the deposited area and given in
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terms of mg-cm™ [35]. The film thickness of 0.4 mg-cm™ was observed to be for gadolinium oxide film and found to be
0.6 mg-cm” for gadolinium oxide-copper oxide whereas 0.5 mg-cm™ for gadolinium oxide-AC composite.

The thin films of gadolinium oxide and its composites were analysed by X-ray diffraction pattern (XRD) for
structural information. Figure 1 provides (XRD) of as-deposited gadolinium oxide thin film for the instance. It showed
the peaks originated from the substrates themselves may be because of low thickness or the formation of amorphous
material [39, 40]. Similar kind of results were also noted (not shown) for gadolinium oxide composite films.
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Figure 1. The XRD pattern of gadolinium oxide thin film

3.2.2 Surface morphological and EDS study

The morphology of gadolinium oxide thin films at different magnifications is displayed in Figure 2(a). It showed
(inset) that grains on the surface were not well interconnected and formed cracked mud-type morphology at 3 kX while
at higher magnification (10 kX) finger chips like morphology were observed. The cracked mud-type morphology may
be observed because of the non-uniform or rough nature of the deposit formed by subaerial drying conditions at room
temperature [41]. The elemental percentage of as-synthesized gadolinium oxide material was recorded by the EDS
pattern (Figure 2(b)) which showed gadolinium is about 45% while oxygen covers 55% which concluded the formation
of gadolinium oxide thin films on the substrate.

Figure 2(c) shows micrographs for as-deposited gadolinium oxide-copper oxide composite material having the
cracked mud-like morphology of deposited material displayed in the inset at 3 kX while fungus-like morphology was
observed at higher magnification. In the same way, the EDS pattern of the synthesized material is shown in Figure 2(d)
which concluded the formation of gadolinium oxide and copper oxide composite material on the substrate. The other
peaks in the spectrum arose because of the elemental composition of the stainless steel substrate which finds strain in the
exact percentage of copper. Similarly, Figure 2(e) shows micrographs of gadolinium oxide-AC composite at 6 kX (inset)
and 10 kX magnifications. It showed material covers almost the substrate surface observed at lower magnification
while crocodile back-like morphology was observed at higher magnification. Likewise, the EDS pattern is shown in
Figure 2(f) which concluded the formation of gadolinium oxide and activated carbon composite material. It showed
the elemental percentage of gadolinium is about 18% and that of carbon 29% while the remaining 53% in the sample is
covered by oxygen. Here it was observed the preparative conditions in the method were more favourable to depositing
the gadolinium oxide than its composite. The morphologies observed from the SEM study are almost rough and porous
which would be beneficial for the supercapacitor applications [24, 35,39].
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Figure 2. The morphology and EDS pattern of gadolinium oxide (a, b) gadolinium oxide-copper oxide (c, d) and gadolinium oxide-AC (e, f) films

3.2.3 Water contact angle measurement

The water contact angle of the film electrode is an important factor in achieving supercapacitance [42]. The average
values of the WCA were recorded for the samples after the H,O droplet got trapped over the surface. As shown in Figure
3(a) the gadolinium oxide film coating had a WCA of 94.22° on the left side and 93.83° on the right side concluding
the hydrophobic character. On the other hand the gadolinium oxide-copper oxide coating in Figure 3(b) with WCA
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of 156.70° on the left side but it had 152.92° on the right side. In the case of the gadolinium oxide-AC (Figure 3(c))
coating a water drop got caught at 157.20° and 155.49° on the left side and right side of the sample surface respectively.
The contact angle measurement concluded that the film surface is turned from hydrophobic to super-hydrophobic. The
increase in WCA may be observed because of the increase of oxide/carbon at the surface of gadolinium ions resulting in
an increase of the hydrophobicity [22] resembling the effect of hydrocarbon adsorption reported by Preston et al. [43].
The hydrophilicity can also be controlled via organic material like fluorocarbon and graphene [44-46] and synthesised
hydrophobic electrodes can be used as corrosion resistance in supercapacitor applications [44-50].

Left angle: 94 2222302061427 Left angle: 156.700536739317

(b)

Left angle: 157.203478532057

©

Figure 3. The water contact angle of the gadolinium oxide (a), gadolinium oxide-copper oxide (b) and gadolinium oxide-AC film (c)

3.2.4 Performance of gadolinium oxide mediated electrode for supercapacitor application

The purpose of this experiment was to understand the supercapacitor behaviour without the cyclic stability of
a gadolinium oxide based electrodes in a non-aqueous and aqueous electrolyte similarly observed by Patake et al.
for cerium oxide electrodes [24]. The gadolinium oxide mediated thin film electrodes were analysed in ~0.2 M KCl
electrolytes both aqueous (double distilled water) and non-aqueous (dissolved in methanol) medium. During the cyclic
scan gadolinium oxide electrode was not appropriate in aqueous electrolyte where as non-aqueous electrolyte was found
suitable for further characterizations. The electrode showed redox peaks (not shown) and started to shift and completely
disappeared after 10 cycles which confirmed the faradic natures of gadolinium oxide electrode. The effect on the
supercapacitance performance of gadolinium oxide electrodes was investigated at different scan rates in non-aqueous 0.2
M KCl electrolyte. For instance, Figure 4(a) displayed the CV of a gadolinium oxide electrode at a 20 mVs™ scan rate.
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The figure showed the current response was not equally distributed in the positive and negative during oxidation and
reduction which may be improved using symmetric electrodes [51]. The capacitance (C) and specific capacitance (C,)
were calculated using the following equations.

C=——— )

(€)

dv
Where, [I- Integrated current within potential window ¥ having [E] scan rate and /¥ is the weight of electrode

material.

The cyclic voltammetric performances of gadolinium oxide were obtained at 20 mVs™, 50 mVs™, and 100 mVs" scan
rates (not shown) exhibited an increase in current using the scan rate. The gadolinium oxide electrode had a maximum
specific capacitance of 106 F-g"' with a limiting value of 11.94 F-g" at 20 mVs™ and 100 mVs™ scan rates respectively
shown in Table 1. It indicates specific capacitance was decreased at the higher scan rate which strongly agrees with
the literature [52]. The charge storage mechanisms hypothesized in processes may include the involvement of cations
and electrons possessing the redox reactions as well as the surface adsorption/desorption process that contributes to the
supercapacitance [53-55]. The value of the specific capacitance of electrodes was also found to be depending on the
contact angle as shown in Figure 5. The maximum value of specific capacitance attained for gadolinium oxide electrode
of nearly hydrophilic surface with 94.3° contact angle which may include more involvement of active species [42]. The
outcome could be developed by introducing various types of substitutions and accepting various deposition methods [9-
15].

Table 1. The supercapacitance study of gadolinium oxide mediated electrodes in 0.2 M non-aqueous KCl electrolyte

Interfacial capacitance (F-cm™) Specific capacitance (F-g")
Sr. No Scan rate
(mVs™) dolinium oxid dolini dolinium oxid dolini
adolinium oxide ~ gadolinium oxide- gadolinium 4 inium oxide  82dolinium oxide- gadolinium
g copper oxide oxide-AC copper oxide oxide-AC
1 20 0.08 0.095 0.115 106.25 52.66 76.20
2 50 0.03 0.015 0.045 35.99 8.60 29.03
3 100 0.009 0.009 0.079 11.94 5.35 13.00

The inset of Figure 4(a) shows the galvanostatic charge-discharge (GCD) curve for gadolinium oxide electrode
recorded using two electrode system throughout a potential range of (AE = 2 V/SCE) when the current density (ID) is 10
mA-cm”. The following equation 4 and 5 are used to calculate the energy density (ED) and power density (PD) of the
electrodes by knowing the discharge time (TD) and the Ragone plot is shown in Figure 6 [20-21, 24-26]. The triangular-
shaped curve by the GCD demonstrated the ideal supercapacitive nature of thin film electrodes with an energy density
of 0.2546 Wh-Kg™' and power density of 8.33 KW-Kg'.
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Figure 4. The cyclic voltammetry (CV) study of gadolinium oxide electrode thin film electrode (a), and gadolinium oxide-copper oxide composite
electrode (b) and gadolinium oxide-AC composite electrode (c), in non-aqueous KCl electrolyte (20 mVs™ scan rate) with GCD in the inset
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The electrochemical behaviour of composite materials was also studied in a 0.2 M KCI non-aqueous electrolyte at
20 mVs™", 50 mVs" and 100 mVs" scan rates. The electrochemical responses of gadolinium oxide-copper oxides and
gadolinium oxide-AC composite in 0.2 M KCI at 20 mVs'' are shown in Figure 4(b) and Figure 4(c) respectively. The

Volume 5 Issue 2(2024| 219

Advanced Energy Conversion Materials



triangular-shape nature of the GCD curve in the insets exhibited the ideal capacitive behaviour of thin film electrodes.
The values of interfacial capacitance and specific capacitance were calculated using equations 2 and 3 and tabulated
in Table 1. It can be seen that gadolinium oxide composites also displayed a negative correlation between the scan
rates and capacitance values. The maximum value of specific capacitances achieved at 52.66 F-g' seems to be in
contrast with earlier reports in supercapacitance enhancement by mixing material [26, 28]. It could happen because of
a superhydrophobic surface (WCA 154.81°) which may restrict the species’ involvement [22]. The gadolinium oxide-
copper oxide composite electrodes possessed an energy density of 0.0925 Wh-Kg"' with a power density of 3.33
KW-Kg™" was obtained using equations 4 and 5. The value of super capacitance of the gadolinium oxide-AC composite
electrode was observed to be 76.20 F-g" which was higher than the gadolinium oxide-copper oxide composite may
contribute more capacitance from the double layer than the redox reactions. But this value is comparatively lower than
gadolinium oxide in the present study and other AC-composite materials [56] might be since the retaining of higher
contact angle 156.35° revealing superhydrophobic region. The results found inferior to gadolinium oxide (Gd,05)/
carbon nanofiber composite [33] but superior to nickel-cobalt/AC composite which showed a specific capacitance of 59
F-g" in 1 M KCI1 [57]. The film under study possessed an energy density of 0.1776 Wh-Kg™' and a power density of 3.99
KW-Kg" in 0.2 M non-aqueous KCl electrolyte. Figure 6 shows the Ragone plot of gadolinium oxide and composite.
The maximum energy density is 0.2526 KWh-Kg" corresponding to a power density of 8.33 W-kg" achieved for
gadolinium oxide. The energy density decreases to 0.0925 KWh-Kg' at a power density of 3.33 W-kg"'. For gadolinium
oxide- copper oxide composite electrode. The energy density and corresponding power density were slightly increased
up to 0.1776 KWh-Kg"' and 3.99 W-kg™ respectively in the case of the gadolinium oxide-AC composite electrode. It
may happen because of the hydrophobic nature of electrodes which could follow the same relation with capacitance and
contact angle as shown in Figure 5.

4. Conclusions

The binder-free gadolinium oxide and gadolinium oxide-based electrodes were deposited successfully by the
SILAR method. The gadolinium oxide-based electrodes were found to unstable in aqueous (KCI) electrolyte and steady
in non-aqueous (KCl) electrolyte with methanol as a solvent. It showed a specific capacitance of 106.25 F-g" for the
gadolinium oxide electrode with a 94.22° contact angle however for the gadolinium oxide-copper oxide and gadolinium
oxide-AC composite electrode the water contact angles of 156.70° and 157.49° with specific capacitances 52.66 F-g"' and
76.20 F-g" respectively. The supercapacitance of the material contributes to redox reactions as well as a double layer.
The contribution of a double layer would be found to be substantial for a larger contact angle. The specific capacitance
of the materials was found to be dependent on material composition, morphology and also off the contact angle.
The maximum value of energy density of 0.2546 Wh-Kg" and power density of 8.33 KW-Kg" was realized by pure
gadolinium oxide film electrode.
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