catalysts

Article

Hydrothermal Synthesis of CuO/RuO,/MWCNT Nanocomposites
with Morphological Variants for High Efficient Supercapacitors

Yi-Chen Chung ¥, Ade Julistian ¥, Lakshmanan Saravanan
and An-Ya Lo 1*

Pei-Jie Xie 1

check for
updates

Citation: Chung, Y.-C,; Julistian, A.;
Saravanan, L.; Chen, P-R.; Xu, B.-C.;
Xie, P-J.; Lo, A.-Y. Hydrothermal
Synthesis of CuO/RuO, /MWCNT
Nanocomposites with Morphological
Variants for High Efficient
Supercapacitors. Catalysts 2022, 12, 23.
https:/ /doi.org/10.3390/ catal12010023

Academic Editor:

Hamidreza Arandiyan

Received: 1 December 2021
Accepted: 23 December 2021
Published: 26 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

L2,%(0, Peng-Ren Chen !, Bai-Cheng Xu !,

1 Department of Chemical and Materials Engineering, National Chin-Yi University of Technology,

Taichung 411030, Taiwan; zxczxazxsbnm@gmail.com (Y.-C.C.); ade julistian@gmail.com (A.].);
b224466885@gmail.com (P.-R.C.); ples510777@gmail.com (B.-C.X.); eugenel779@gmail.com (P-].X.)
Department of Micro and Nanoelectronics, Saveetha School of Engineering, Saveetha Institute of Medical and
Technical Sciences (SIMATS), Thandalam 602105, India

*  Correspondence: ljsaravanan08@gmail.com (L.S.); aylo@ncut.edu.tw (A.-Y.L.)

t These authors contributed equally to this work.

Abstract: In this study, we develop the optimum composition of copper oxide/ruthenium oxide and
multi-walled carbon nanotubes (CuO/RuO, /MWCNTSs) ternary nanocomposite via a hydrothermal
method as an efficient electrode material for supercapacitor applications. The ratio between CuO
and RuO, varied to improve the electrochemical performance of the electrode. The synthesized
nanocomposites are analyzed by high-resolution scanning electron microscopy (HR-SEM), thermo
gravimetric analyzer (TGA) and electrochemical impedance spectroscopy (EIS). Furthermore, the
elemental composition is analyzed by energy dispersive X-ray (EDX) spectroscopy and the specific
capacitance was analyzed by cyclic voltammetry (CV) and galvanostatic charge—discharge (GCD)
methods. The electrochemical investigations is conducted in a three-electrode system and the
sample is attached on a stainless steel plate as the working electrode; platinum wire works as the
counter electrode and Ag/AgCl electrode as the reference electrode, adopting 3 M (NH4),SOy as the
electrolyte. The resultant of CuO/RuO,/MWCNT nanocomposite with 7 wt% Cu and 20 wt% Ru
was found to perform the highest specific capacitance of 461.59 F/g in a current density of 1 A/g.

Keywords: nanocomposite; metal oxides; MWCNTs; scanning electron microscopy; supercapacitor

1. Introduction

There is an increasing demand for environmentally friendly technologies that reduce
CO, production in various manners, such as fuel cells, solar cells, CO, reduction and
supercapacitors [1-3]. Among all those technologies, the supercapacitor is an inimitable en-
ergy storage device with a high performance and rechargeable energy storage/conversion
devices that is in imperative need in the current industry [3,4]. Therefore, supercapacitors
have been recognized as a potential storage device for the next generation owing to their
greater power density, high-power density and great cycle stability at a reduced cost [3,5-7].
The performance of supercapacitors depends on several factors, such as the electrochemical
characteristics of the electrode materials, the electrolytes and voltage window [8,9]. There
is an important category of supercapacitors called hybrid supercapacitors that combine
electric double layer capacitances (EDLCs: carbon-based materials) and pseudo-capacitance
(transition metal oxides) [10-12]. Both faradaic and non-faradaic pathways work during
charge-discharge process. Therefore, hybrid supercapacitors are known to achieve both
high energy and high-power densities.

Recently, transition metal oxides (TMOs) have received much attention, which is
accounted for by their low cost and rich redox chemistry [4,13]. Specifically, the single
and bimetallic TMOs exhibited high specific power and specific capacitance [14]. Among
various TMOs, ruthenium oxide, with its two distinct adsorption sites on the surface,
has been widely identified as a promising material for electrochemical storage devices,
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owing to its high specific capacitance, chemical activity and having good reversibility and
stability [15-17]. RuO, possess surprising feature for pseudo-capacitance, such as rapid
proton transfer, exceptional reversible redox transitions, and excellent specific capacitance
(900-1400 F/g) [18]. Ye et al. prepared a RuO,; /MWCNT nanocomposite using magnetic
sputter deposition using an expensive Ru target [19]. However, high priced ruthenium
precursors, toxicity, and limited abundance restrict its commercial usage. It was also
reported that the hydrothermal method of synthesizing nanocomposites will significantly
enhance the electric capacitive performance and RuO, utilization in the supercapacitor [20].
The major disadvantage of ruthenium oxide materials is their easy agglomeration, which
severely affect the electrochemical performance. The strategy to exert nanoparticles (NPs) is
appreciated due to their large specific surface area and the reduction of bulk atoms involved
in the faradaic reactions. However, the NPs have a strong trend to agglomerate, thus usually
leading to the loss of the accessible surface for the electrolyte. Hybridization with carbon-
based materials is considered the most potential strategy to improve the dispersion of
ruthenium oxides [17,21]. Among the conducting materials with a higher specific surface
area, both carbon nanotubes (CNTs) and mesoporous carbon materials are good candidates
of EDLC owing to their unique properties, such as good electrical conductivity and high
specific surface area. The CNTs possesses higher electronic conductivity than mesoporous
carbon materials.

Copper oxide (CuO) is a p-type semiconductor with a direct band gap of 1.2 eV (bulk)
with its nanostructures having large surface area [22]. In spite of the good theoretical capac-
itance, CuO suffers low poor kinetics and cyclic performance because of low conductivity
and pulverization due to volume expansion during cycling, resulting in unsatisfactory
performances and limiting its applications [23]. Moreover, incorporating pseudocapacitive
materials into copper oxides can enhance the low specific capacitance value to advance
the process of charging transfer [24]. Recently, Wang et al. have prepared copper ox-
ide/cuprous oxide/carbon (CuOx@C) nanocomposites using a hydrothermal method to
provide precise diffusion pathways for fast reaction kinetics [25].

The pseudocapacitive performance of the electrode materials is mostly dependent
on the synthesizing methods and its morphology. It has been reviewed that the electrical
performance of the electrode increases with the addition of optimum metal oxides contents,
and also identified that the subsequent oxide loading will destroy the high surface area
structure [26]. Earlier, Cui and his co-workers reported the preparation of a mesostruc-
tured CuO/RuO; bimetal oxide nanocomposite to achieve a high catalytic activity toward
ammonia oxidation [27]. The current investigation mainly focuses on utilizing the pseudo-
capacitive metal oxides, such as ruthenium oxide and copper oxide (RuO, and CuO) NPs,
in a hybrid nanocomposite and upholding the synergistic effect from these binary metal
oxides with the highly conductive carbon support (MWCNTs), to obtain better electro-
chemical signatures. In this paper, the influence of blending ruthenium oxide and copper
oxide with MWCNTs to prepare a ternary nanocomposite, by varying the metal ratio of
ruthenium (Ru) and copper (Cu), on capacitive behavior is discussed in detail.

2. Experimental
2.1. Materials

MWCNTs were purchased from Hodogaya chemicals. Similarly, the cupric acetate monohy-
drate (Cu(CH3COO),-H,0, 98.0%) and ruthenium (III) chloride hydrate (RuCl;-xH,O, 42.00%)
were ordered from BAKER ANALYZED®. The electrolyte ammonium sulfate (NH4)»SO4,
99.5%) was purchased from ACROS Organics™; the solvents sodium hydroxide (NaOH)
and ethanol (C;HgO, 99.5%) purchased from ACROS Organics™ and ECHO Chemical,
respectively; and N-methylpyrrolidone (CsHgNO, 99.5%) was obtained from M-Tedia®.
All the solvents were AR grade and could be used without further purification.
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2.2. Functionalization of MWCNTs

To remove the hydrophobicity of MWCNTs, an acid treatment is necessary to ob-
tain a hydrophilic group (oxygen-containing groups) on the surface of MWCNTs. This
method allows the MWCNTs to disperse homogenously in the solution and remove the
impurities. It helps to increase the surface activity of MWCNTs and the ability to absorb
ions. A total of 2 g of MWCNTs was added into 500 mL strong acid solution of a mixture,
containing H,SO4 and HNOj3 (3:1). The mixture of MWCNTs with the acid was stirred
for 24 h at 80 °C. Then, the solution was filtered and washed with DI water until the pH
value was 7. It dried in the oven at 70 °C for 48 h for further processing to synthesize
the CuO/RuO,/MWCNT nanocomposites. The oxygenated functional groups on the
MWCNTs improve the hydrophilicity of carbon surface [28].

2.3. Preparation of CuO/RuO,/MWCNT Nanocomposites

First of all, a copper oxide, ruthenium oxide and MWCNTs (CuO/RuO,/MWCNT)
nanocomposite was synthesized by the hydrothermal method. In a typical experiment,
30 mg of functionalized MWCNTs was dispersed in 40 mL of DI water in ultrasonic bath
for 1 h to obtain a better homogenous solution.

In line with the preparation of the MWCNT solution, to prepare the metallic solution,
the optimum mole concentration of cupric acetate monohydrate and ruthenium chloride
hydrate was mixed in N-methylpyrrolidone (NMP; 1 g) in 20 mL of DI water solution.
An equal volume concentration was used for metal and MWCNTs. The NMP in metallic
solution served as a surfactant to facilitate the dissolution of metals by stirring it for 30 min.
In the next step, the 2 solutions were mixed by stirring for 10 min. To obtain a better
dispersion, the mixed solution was treated in an ultrasonic bath for 1 h. Then, the aqueous
1 M NaOH solution was added drop wise until the pH value reached above 9 and the
solution was stirred for 10 min to maintain it in an alkaline condition. Additionally, NaOH
also plays a role in the intermediate reaction in the formation of metal oxide NPs. The
solution was then loaded into a Teflon-lined autoclave and placed in a furnace at 180 °C for
12 h, and the autoclave was cooled down to room temperature to produce the metal oxide
NPs/MWCNT nanocomposite. The washing process was performed by centrifuging at
6000 rpm, using DI water and ethanol for three times to remove the impurities. Then, the
final product of CuO/RuO,/MWCNT nanocomposite was collected after being dried in a
70 °C oven for 1 day.

2.4. Material Characterization Techniques

The morphologies and elemental composition of each nanocomposite sample was ex-
amined by scanning electron microscope (FESEM; JSM-5410). TGA measurements were
performed to examine the thermal stability of all the nanocomposite samples and the total
amount of CuO and RuO, by using thermal gravimetric analysis (TA-Q500). The measure-
ments were performed with a heating rate of 15 °C/min from RT and 800 °C under air.

Cyclic voltammetry (CV, potential range 0-1.0 V, sweep rate 5-200 mV-s 1), elec-
trochemical impedance spectroscopy (EIS, 10 mHz to 100 kHz, 5 mV amplitude) and
galvanostatic charge/discharge (GCD) measurements were conducted using an electro-
chemical workstation (CHI 611E), in a three-electrode cell.

The gravimetric capacitances examined by CV and GCD measurements were calcu-
lated according to Equations (1) and (2), respectively. Similarly, the energy density (D,) and
(Dp) were calculated by Equations (3) and (4), respectively:

1
Cn = St =) /I(V)dV (1)
I x At
= X av @)

D, = %CS (AV2> G)
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D,
= Ar 4)
where I, At, m and AV represent the charge-discharge current, time differential, mass of the
active electrode material and the voltage range of scanning segments, respectively.

For electrochemical studies, we used the half cell with three electrode configurations
to test the electrode materials. The three electrode components were used as follows: the
synthesized active (electrode) material was deposited on the stainless steel plate as the
working electrode; the platinum wire was used as the counter electrode; and the Ag/AgCl
electrode was used as the reference electrode. All the electrochemical examinations were
carried out with 3 M ((NH4)2SO4) as electrolyte. The active electrode material contained
10 wt% of polyvinylidene fluoride (PVDF) dissolved in N-methylpyrrolidone (NMP) as a
conductive binder. The mass of active material used is 0.1 mg. Before the characterization,
the deposited wet electrode needed to be dried in the oven to increase the contact between
the active materials and the working electrode.

Dy

3. Results and Discussion
3.1. SEM Analysis

The SEM images of CuO/RuO,/MWCNT (denoted as CXRyM hereafter, where the
subscript x and y represent wt% of Cu and Ru rounded to one digit, respectively) nanocom-
posites revealed that CuO/RuO, NPs were well dispersed on the surface of the MWCNTs
with uniform size and random directions. While more than 20 wt% Ru and 9 wt% Cu were
added, Figures la—e and 2a—e, respectively, indicate that there are a lot of metal oxide NPs
that started to stack together and began to cover the surface of the MWCNTs and form
agglomerated structures.

Figure 1. SEM images of C35/RyM electrodes with (a) 11, (b) 16, (c) 17, (d) 20 and (e) 23 wt% of Ru.
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Figure 2. SEM images of CxRyoM electrodes with (a) 7, (b) 8, (c) 9, (d) 10 and (e) 11 wt% of Cu.

As we can see from the SEM images in Figures 1a—e and 2a—e, the growth pattern of
RuO;/CuO NPs on the surface of the MWCNTs appears to have a dissimilar morphology.
That is, for higher concentrations, the oxide NPs in C35RyM has shown a more agglomerate
structure than their counterparts in CxRpoM, which can be attributed to the extensive
amount of Cu content. It is also evident that the surfaces of the MWCNTs became much
rougher, indicating the high growth rate of RuO,/CuO NPs on the MWCNT surfaces.
The images clearly show that the nanotubes are coated with the NPs, and these particles
are very small and highly dispersed on the whole surfaces of the MWCNTs, which has
adverse effects on lowering its surface area. The resulting nanocomposites were further
characterized using EDX to examine their chemical composition. EDX spectra validate the
existence of Ru and Cu with different wt%. Figures S1 and S2 show the EDX-mapping of
C35RyM and CxRyoM composites, respectively. Additionally, they also display that CuO
and RuO, were well distributed on the MWCNTs.

3.2. Thermo Gravimetric Analysis

Figure S5a,b displays the TGA curves of C35RyM and CxRyoM nanocomposites with
various content of Ru and Cu, respectively. The samples were heated in an air atmosphere
with a heating rate of 15 °C/min from 25 °C to 800 °C. Various stages of degradation were
observed in all the nanocomposite samples. In Figure S3a, the weight loss initiates at the
temperature of around 50 °C. The first stage of weight loss emerges in the temperature
range of 50-150 °C and is attributed to the removal of surface adsorbed water and is
continuous in the second stage of degradation range up to 270 °C, with the significant
weight loss in the samples. The third stage between 180 °C and 300 °C could be ascribed to
the decomposition of all the hydrophilic functional groups still attached to the MWCNT
surface after the functionalization process and the loss of water contained in RuO,/CuO
particles. While the additional weight loss curve detected between 600 °C and 800 °C
relates to the complete oxidation of the nanotubes, it reveals that the higher content of
oxide NPs plays a significant catalytic role in the rapid oxidation of MWCNTs. This is due
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to the heat localization of metal NPs, which accelerate the heat transfer and increase the
oxidation rate [29]. The residual weight percentage and the thermal stability of C35RyM
and CxRyM were tabulated in Table S1 and Table S2, respectively.

3.3. Electrochemical Studies

To investigate the impacts of varying the concentration of metal oxides on the electro-
chemical performance of CxRyM nanocomposites, cyclic voltammetry (CV), galvanostatic
charge—discharge (GCD) and electrochemical impedance spectroscopy (EIS) tests were
performed. The applied potential was between —0.5 V to 0.5 V at a fixed scan rate of
10 mV-s~1, and the GCD analysis was conducted at a current density of 1 A-g’1 with
a potential between —0.5 V and 0.5 V. A slow scan rate was used to accelerate the large
number of protons that approach the electrode surface, which yields a high capacitance and,
in the case of high scan rate, the possibility of protons to approach the electrode surface is
less, resulting in low specific capacitance [30]. The charge/discharge current applied was
0.1 mA. EIS analysis was performed to observe the effect of the metal oxide on the electrical
resistivity of the nanocomposite.

To approach optimized Cu and Ru contents, in this study, three sets of experiments
were adopted. First of all, the Cu content was optimized without the existence of Ru.
Figure S4a,b and Table S3 show the CV and GCD curves for the CxRyM nanocomposites.
As the results, 35 wt% of Cu was found with the best specific capacitance of 104.7 F/g.

Secondly, the Ru content was then optimized with the presence of 35 wt% Cu on
the MWCNTs. Figure 3a,b respectively shows the CV and GCD curves for the C3sRyM
nanocomposites with the addition of a different Ru content. All the CV curves look
different from ideal rectangular shape with clear redox peaks, which indicates that all the
electrodes exhibit a pseudocapacitive nature. As shown in Figure 3a, the voltammetric
current was significantly enhanced when the Ru content increased in C35RyM electrodes. It
also indicates that the charge storage characteristic of the pseudocapacitive process is from
the reversible redox reactions of Cu (I) <> Cu(Il) and Ru (VI) <> Ru (II). In the case of RuO,,
it can store charge through the reversible redox reactions in the acidic electrolyte, where
the oxidation states of Ru alter from Ru™) to Ru™. as shown below [31,32]:

RuO; +zH" +ze™ + RuO,_, (OH),;0 <z <2 (5)

where z denotes the average electron transfer number involved in the reaction.

(b),..
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Figure 3. (a) CV curves of C35RyM electrodes with various Ru contents, at a scan rate of 10 mV s1,
and (b) GCD curves of C35RyM electrodes with various Ru contents, at a current density of 1 A- g_l.
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It is evident in Figure 3a,b that the specific capacitance is increased with the Ru content
in the nanocomposites. Better cycling performance is essential for the pseudo-capacitors to
validate the mechanical stability of the electrode and active material degradability. As we
can see from the CV curve, the C35RyM with 20 wt% Ru displays a nearly rectangular cyclic
voltammetry (CV) curve, with a maximum integrated area, indicating that the optimal Ru
content delivers a high specific capacitance of 359.89 F-g~!. In addition, the GCD curves
of the obtained samples in Figure 3b also support this fact, with a longer cycle time than
the other samples. The calculated value of specific capacitance based on the obtained
GCD curve is 326.92 F-g~1. It implies a much higher redox activity and capacity of the
hybrid electrode. The appearance of maximum oxidation and minimum reduction peaks in
Figure 3a confirms that the inclusion of metal oxides on the MWCNT surface play a vital
role in improving the electrochemical performance.

The GCD curves in Figure 3b exhibit the asymmetric shape of charge and discharge
half cycle, demonstrating a pseudocapacitive behavior, and it also confirms the presence
of RuO; in the nanocomposite. In a three-electrode system, the specific capacitance of
electrode materials can be calculated from the GCD plots according to Equation (2). The
calculated specific capacitance values based on the CV curves and GCD curves of C35R0M
with 35% of Cu and various Ru content are respectively given in Table 1.

Table 1. The specific capacitances Rs and Rt of the CxRyM electrodes evaluated by CV curves, GCD
curves and Nyquist plots with various contents of Ru.

Specimen o Specific Capacitance (F/g) Specific Capacitance (F/g)

Designation Ru Content (%) * by CV Curves ® by GCD Curves ® R, () Ret ()
CssR;1M 11 228.38 144.06 2.193 1502
Cs5R16M 16 257.67 259.44 2.747 59
CssRiyM 17 272.15 295.23 2442 4
C35R0M 20 359.89 326.92 2.271 5
Cs5R3M 23 300.98 323.82 2.261 1

*: the wt% were rounded to one digit.

The observed high specific capacitance of the C35Ry9M nanocomposite could be at-
tributed to the optimal dispersion of nano-sized RuO,/CuO particles. The improved
redox reactions occur at the surface of RuO, through a faradaic charge transfer between
electrolyte and electrode, which enhances the specific capacitance of the nanocomposites.
The presence of RuO; on the surface of MWCNTs modifies the structure and morphology
of MWCNTs, which also allows improving the electrochemical reactions and improves the
efficiency [33]. The tubular structure and the porous morphology of MWCNTs decrease the
diffusion resistance and facilitate the transport and anchoring of NPs in the nanocomposites.
The MWCNTs modified with RuO, at the surface inhibit fast electron-transfer kinetics and
help the considerable change in their electrical conductivity.

It is also evident from the curves that the inclusion of RuO, could increase the con-
ductivity of the sample at a certain level and thus increase the specific capacitance of this
hybrid nanocomposite. Based on CV and GCD curves, it is clear that there is a higher load
of RuO; because of the large number of particles that aggregate on the MWCNT surface,
thus the conductivity is lowered and the function of MWCNT is also limited [34], which is
unfavorable for better cycling performance. For Ru content of more than 20 wt%, RuO; NPs
form an agglomerated structure and cover the surface of the MWCNTs, which can decrease
the specific surface area and the specific capacitance. Moreover, the aggregation of RuO,
NPs limits the utilization of the oxide particles and then leads to a significant reduction
in its electrochemical performance [35]. The results suggest that a higher loading of Ru
results in a low utilization of RuO, particles in the nanocomposite; however, the utilization
is higher for a lower Ru content dispersed on the surface of the MWCNTs. The optimal
loading of RuO, NPs on carbon materials causes a swift in the ion adsorption/desorption
process and delivers high values of specific capacitance from the nanocomposite electrode.
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The third set of experiments further approach the maximum capacitance by adjusting
the Cu content based on 20% of Ru on MWCNT. Cyclic voltammetric and galvanostatic
charge/discharge plots of the Cu,RuyoM electrodes with 20 wt% Ru and various Cu
contents are illustrated in Figure 4a,b, respectively. For CV, the mass of active material used
is 0.1 mg with an applied potential between —0.5 V to 0.5 V and the scan rate of 10 mV-s~!
and, for GCD, the applied charge/discharge current is 0.1 mA. Based on the curves in
Figure 4a,b, the lowest Cu content (7%) in the nanocomposite has a wider rectangular
CV curve and longer cycle times in the GCD curve than others, thus indicating that this
sample has the highest specific capacitance. From Figure 4a,b and Table 2, we can observe
that, by adding an optimal Cu content, the nanocomposite exhibits maximum specific
capacitance of 363.88 F-g ! and 461.59 F-g~!. This could be the reason for adding a small
amount of CuO NPs into the nanocomposites, which generates an effective conductive
network with MWCNTs. In addition to the RuO; particles, better interfacial attachments
were observed between CNT and CuO NPs in the nanocomposite, caused by the strong
interaction among nanotubes and CuO containing carboxyl groups and a few hydroxyl
groups, respectively. The discharge curve in GCD for the CxRyoMhybrid nanocomposite
with 7% Cu content displayed a slow potential decay in Figure 4b. Table S4 compares the
work conducted on copper oxides, ruthenium oxides and a carbon-based composite with
our present work [19,36-40].

0.6
CI (b)
w— C,RyM
C4R,,M
0.0005 g
= C1oR;)M

o = CuRyoM

= s

g 0.0000 E

; .

e o
-0.0005 4
-0.0010 T T ' T v T T T v 1 T T = T 1
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0 200 400 600 800 1000
Potential / V Time/s
Figure 4. (a) CV curves of CxRygMelectrodes with various Cu contents, at a scan rate of 10 mV-s~?,
and (b) GCD curves of CxRyoM electrodes with various Cu contents, at a current density of 1 A- gfl.
Table 2. The specific capacitances Rs and Rt of the CxRyoM electrodes evaluated by CV curves, GCD
curves and Nyquist plots, with various contents of Cu.
Specimen o/ % Specific Capacitance (F/g) Specific Capacitance (F/g)

Designation Cu Content (%) by CV Curves by GCD Curves Rs () Ret ()
C7RyoM 7 363.88 461.59 2.259 2
CgRyoM 8 343.70 437.15 2.426 3
CoRypM 9 323.90 326.92 2.291 9
C1oRyoM 10 301.91 305.63 2.260 251
C11RyyM 11 212.94 210.65 2.095 583

*: the wt% were rounded to one digit.

The EIS technique was conducted to more precisely characterize the electrochemical
behavior of CxRyM electrodes. From Figure 5a,b, it can be observed that all samples show
a semicircle in the high-frequency region and a straight line in the low frequency region. A
straight line found in the Nyquist plot for the C9RyoM nanocomposite electrodes indicates
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that the MWCNTs still retain their electron-transfer capability after the surface modification
by the CuO and RuO; NPs. The faradic charge-transfer resistances (R¢t) can be estimated
from the diameter of the semicircle in the high-frequency region [41] and are listed in
Table 2. It can be observed that CxRygM possesses a moderate Rt value than those with
other Ru values, indicating an enhanced electron transport efficiency. In Table 2, it can be
seen that CxRyoM with 7% of Cu content possesses a moderate Rt value than those with
other Cu values, indicating an enhanced electron transport efficiency.
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Figure 5. Nyquist plot of the (a) C35RyM and (b) CxRyoM electrodes with various contents of Ru and
Cu, respectively ((a) Ru and (b) Cu).

In addition to the high specific capacitance, the C;RyoM electrodes also established out-
standing high-power density and high-energy density performance, as shown in the Ragone
plot in Figure 6. The electrochemical test results for the as-prepared CuO/RuO,/MWCNT
nanocomposite nanostructures with a controlled level of CuO/RuO; NPs on the surfaces of
the MWCNTs show that the ternary nanocomposite can be used as superior electrode mate-
rials for electrochemical (hybrid) capacitors with a high specific capacitance and significant
high-power and high-energy capabilities.

] - L‘\\
{ 10! o
= 1
s ]
§ 4
3 |
o
a 10°
>
a (a)_._ C35ROM
10_1 T T T rrrorrrg T T L. LELE | T T LI AL AL LN |
10t 102 103 104
Power Density / W/kg

Figure 6. Ragone plot of (a) C35RoM (b) C35Rp0M and (c) CyRpoM electrodes.
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4. Conclusions

The hydrothermal method is a simple and efficient in situ synthesis technique that
was utilized to decorate binary metal oxides NPs, namely RuO; and CuO, on MWCNTs
for investigation as an electrode material in a supercapacitor. This method offers several
significant advantages: low cost, high crystallinity, narrow particle size distribution and
varying in morphology by the adjustment of precursor metal basis concentration. The struc-
tural, morphological and compositional analyses using FE-SEM, TGA and EDX-mapping
have confirmed the successful synthesis of the proposed CuO/RuO,/MWCNT electrodes.
The highest value of specific capacitance was observed for the CuO/RuO,/MWCNT
nanocomposite with the percentage of 7%, 20% and 60% respectively, for Cu, Ru and CNT
(461.59 F/g at 10 mV-s~! scan rate) compared to all other electrodes prepared in this study.
The synergic interaction of each element in this CuO/RuO,/MWCNT ternary nanocom-
posite of CuO/RuO,/MWCNTs is ascribed to the efficient electrochemical characteristics
observed in this study.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ catal12010023/s1. Figure S1: EDS Mapping images of C35RyM
electrodes with (a) 11, (b) 16, (c) 17, (d) 20, and (e) 23 wt% Ru; Figure S2: EDS mapping of CxRyoM
electrodes with (a) 7, (b) 8, (c) 9, (d) 10, and (e) 11 wt% Cu; Figure S3: The TGA curves of (a) the
C35RyM nanocomposites with various content of Ru and (b) the CxRyoM nanocomposites with
various content of Cu; Table S1: The residual weight percentage and thermal stability of the C3sRyM
nanocomposites with various content of Ru; Table S2: The residual weight percentage and thermal
stability of the CxRyyM nanocomposites with various content of Cu; Figure S4: (a) CV curves of
CxRoM electrodes with various Ru content, at a scan rate of 10 mV-s~1, (b) GCD curves of CxRgM
electrodes with various Ru content, at a current density of 1 A- g_1 ; Table S3: The specific capacitance
of the CxRgM electrodes valuated by CV curves and GCD curves, with various content of Cu;
Table S4: Comparison of electrochemical properties of CuO/RuO, /MWCNT with samples reported
in literature; Figure S5: Cyclic stability test of C;RyoM electrode.
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