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of Technology, Warangal 506004, Telangana, India.

Abstract

Metal-functionalized carbon nanotubes (CNTs) have emerged as versatile nanostructures with 

tunable properties for energy conversion, storage, and environmental remediation. In this study, 

we integrate experimental investigations with theoretical modeling to explore the structure–

property relationships and multifunctional performance of CNTs decorated with transition 

metal nanoparticles (Ni, Cu, Ag) and their synergistic combinations (Ni–Cu–Ag). A scalable 

and facile synthesis route was employed to fabricate these nanocomposites, which were 

thoroughly characterized to evaluate their structural, morphological, optical, and surface 

chemical features. The metal-functionalized CNTs demonstrated significant enhancements in 

oxygen evolution reaction (OER) activity, capacitive energy storage, and photocatalytic 
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degradation of organic pollutants. Notably, the ternary CNT-Ni-Cu-Ag nanocomposite 

exhibited outstanding OER performance with an overpotential of 382 mV at 50 mA cm⁻² and 

a Tafel slope of 73 mV dec⁻¹, along with a high specific capacitance of 1451 F g⁻¹ and excellent 

stability (98% retention after 5000 cycles). Furthermore, the material achieved remarkable 

photocatalytic degradation efficiencies of Ciprofloxacin (98.5%) and Diclofenac sodium salt 

(86%) within 120 minutes under visible light. Complementary density functional theory (DFT) 

simulations revealed the preferential adsorption of metal nanoparticles on the CNT surface and 

their role in modulating the electronic band structure, thereby rationalizing the enhanced 

catalytic and optoelectronic behaviour. These results highlight the promise of metal-

functionalized CNTs as multifunctional platforms for next-generation energy conversion, 

storage, and environmental remediation technologies.

Keywords: Carbon nanotubes (CNTs), Metal composites, Electrocatalysis, Energy storage, 

Water remediation, DFT simulations.

Corresponding Authors:
murugadoss_g@yahoo.com (Dr. G. Murugadoss) 
Soorathep.K@chula.ac.th (Soorathep Kheawhom)
kanapuram.udaykumar@nitw.ac.in (Dr. K. Uday Kumar)

1. Introduction 

Global energy demand and fossil fuel depletion pose urgent environmental challenges, 

driving the need for clean, sustainable alternatives. Rising CO₂ emissions, climate change, and 

reliance on energy-intensive processes make renewable energy conversion and storage vital. 

MXenes, MOFs, and carbon-based nanomaterials are being explored to overcome efficiency 

and stability limits in solar, fuel, and storage devices 1,2. Among them, carbon nanotubes 

(CNTs) stand out due to their exceptional mechanical strength, electrical conductivity, and 

thermal stability. CNTs can be synthesised via CVD, arc discharge, or laser ablation, with 

functionalization enhancing their electrochemical performance 3. They are widely applied in 
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supercapacitors, batteries, and other applications, offering high capacitance, rapid 

charge/discharge, and long cycle life and improve charge transport and light absorption 4,5. 

One-dimensional CNTs have found extensive use as carbon supports for enhancing 

electrocatalytic reactions, leveraging their exceptional properties such as high electronic 

conductivity, substantial edge/basal plane ratios, anti-foaling ability, and extensive surface area 

6–8. Consequently, when combined with transition metals, multi-walled carbon nanotubes 

(MWCNTs) hold promise for facilitating and optimising the thermodynamics and kinetics of 

the hydrogen evolution reaction (HER) 9–11. This potential has led to the development of various 

CNT-based materials: namely, Pd-Ni@CNT and Ni-MoS@CNT, aimed at enhancing HER 

activity 12,13. Metal with CNTs is recognised for its superior conductivity and stability and has 

been successfully integrated with transition metal composites (TMCs) to enhance their electro-

catalytic properties for both HER and oxygen evolution reaction (OER) 5. The synergetic effect 

between carbon nanomaterials and transition metals shows unique interfaces, fostering the 

creation of more exposed active sites and facilitating efficient electron transfer. This synergy 

is advantageous for improving the overall electrocatalytic performance towards water splitting 

applications. CNTs, with their exceptional electrical conductivity, mechanical strength, and 

large surface area, have proved to be excellent candidates for electrode materials in 

supercapacitors (SCs). Their unique one-dimensional structure allows for efficient electron 

transport and high specific capacitance. However, to address certain limitations such as their 

low specific capacitance and moderate conductivity, the integration of metal nanoparticles 

(NPs) onto CNT surfaces has been explored as a viable strategy 14,15. A variety of metal NPs 

are included in the electrode materials of SCs, which are crucial to their functionality. Yet, their 

highly toxic nature and low stability impede widespread usage in practical device applications. 

Thus, the scientific and research community has switched attention to binary and ternary metals 

with CNTs due to the sluggish kinetics of electrons/ions between the electrode and the 
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electrolyte. Unlike a single metal, metals with CNTs are promising electrode materials for SCs. 

The synergistic interaction of metal cations when applied with CNTs ensures better electrical 

conductivity. Moreover, metal NPs, owing to their high conductivity and unique catalytic 

properties, can significantly enhance the electrochemical performance of SCs. The 

hybridisation of CNTs with metal NPs not only facilitates improved charge storage but also 

contributes to enhanced redox reactions, resulting in a synergistic effect on their overall 

electrochemical performance.

The one-dimensional structure of CNTs facilitates efficient charge transfer, while their 

ability to adsorb a wide range of organic and inorganic species promotes their photocatalytic 

activity 16,17. Inherent limitations, such as bandgap restrictions and recombination of 

photogenerated charges, can be effectively addressed by introducing metal NPs into the CNT 

framework. It is significant that metal NPs, renowned for their unique optical, electronic, and 

catalytic properties, contribute greatly to enhancing the photocatalytic performance of CNT-

based composites. Synergistic effects arise from the ability of metal NPs to act as co-catalysts, 

promoting charge separation and surface reaction kinetics during photocatalysis 18. Besides, 

the plasmonic properties of certain metal NPs can extend the absorption spectrum of the 

composite, enabling utilization of a broader range of sunlight for catalytic processes 14,15. 

Recent studies have demonstrated that biomass-derived CNTs provide an even more 

sustainable pathway for pollutant remediation, offering enhanced performance while 

minimizing environmental impact. For example, CNTs synthesized from renewable biomass 

sources have shown excellent capability in removing heavy metals such as Pb2+, Cd2+, Cr6+, 

and As3+ from contaminated water. CNTs offer a green, efficient, and scalable approach for 

detoxifying contaminated water, underscoring their growing relevance in eco-friendly 

remediation technologies 19.
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Transition metals incorporated with CNTs ensure excellent performance towards 

electrocatalytic and photocatalytic applications because of the availability of filled energy 

states, owing to multiple metal centres and the amelioration of the electrochemical and 

photocatalytic process. Silver (Ag), nickel (Ni), and copper (Cu) each contribute unique 

functional advantages that enhance the performance of hybrid materials in supercapacitors and 

photocatalysis. Ag offers superior electrical conductivity, high electron mobility, and strong 

plasmonic activity, which significantly improve charge-transfer kinetics and promote visible-

light absorption for efficient catalytic reactions. Ni provides excellent redox activity through 

its Ni2+/Ni3+ transitions, delivering high pseudo capacitance, good cycling stability, and 

enhanced charge separation in photocatalytic systems 20. Cu, being earth-abundant and highly 

conductive, facilitates rapid electron transport and forms active Cu+/Cu2+ species that 

strengthen both electrochemical and photocatalytic processes. Together, these metals create a 

synergistic effect that boosts conductivity, accelerates redox reactions, and enhances light-

driven degradation efficiency.

This study presents a comprehensive investigation into recent advancements in the integration 

of carbon nanotubes (CNTs) with copper (Cu), silver (Ag), nickel (Ni) nanoparticles (NPs), 

and bimetallic composites, focusing on their applications in oxygen evolution reactions (OER), 

supercapacitors (SCs), and photocatalytic processes. The primary objective of this work is to 

develop an innovative and scalable approach for the functionalization of CNTs with diverse 

metal systems. We have successfully synthesized various metal-functionalized CNT 

composites through a facile chemical method, including monometallic systems (Ni, Cu, Ag), 

bimetallic combinations (Ni-Cu, Ni-Ag, Cu-Ag), and ternary systems (Ni-Cu-Ag). 

Functionalizing CNT surfaces with multiple metals significantly enhances their performance 

attributes by introducing synergistic properties such as tunable oxidation states, superior 

electrical conductivity, and adjustable optical band gaps. These modifications directly amplify 
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the efficiency of key processes, including OER activity, specific capacitance, and the 

degradation of complex organic pollutants such as anti-inflammatories. To better understand 

the interactions between metal ions and the CNT framework, density functional theory (DFT) 

simulations have been employed. Comprehensive microstructural, surface chemical, and 

optical characterizations have also been conducted to unravel the fundamental properties 

driving the enhanced functionality of these novel composites. This work not only introduces a 

versatile strategy for multi-metal decoration on CNTs but also lays the groundwork for future 

advancements in energy storage, catalysis, and environmental remediation technologies.

2. Materials and Methods

2.1. Materials 

All chemicals used are of high purity. Multi-Walled Carbon Nanotubes (MWCNT Type 5) 

(95%), silver nitrate (AgNO3) (99.9%), copper (II) acetate (Cu (CH3COO)2) (98%), nickel 

chloride (NiCl2·6H2O) (98%), and sodium borohydride (NaBH4) (98%) were purchased from 

SRL Pvt Ltd, India. Polyvinylpyrrolidone (PVP) (99%), acetone (CH3COCH3) (99%) and 

ethanol (C2H5OH) (99.9%) were received from Nice Chemical Pvt Ltd, India. For the whole 

reaction, Millipore water was used. 

2.2. Synthesis of MWCNT with metal nanocomposites 

Herein, a series of pristine metals was successfully synthesized with multi-walled carbon 

nanotubes (MWCNTs), encompassing binary metal systems such as Ni-Cu, Ni-Ag, and Cu-

Ag, as well as a ternary metal system. The synthesis process commenced with the dispersion 

of 100 mg of MWCNTs in 50 mL of deionized (DI) water, facilitated by ultrasonication for 30 

minutes to ensure uniform dispersion. Following this, metal precursors with a concentration of 

0.2 M were introduced into the reaction mixture. To facilitate the reduction and stabilization of 

the metal nanoparticles, 1 g of sodium borohydride (NaBH4) was employed as a reducing agent, 

and 1 g of polyvinylpyrrolidone (PVP) was added as a stabilizing agent. The mixture was then 
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vigorously stirred for 1 hour to ensure homogeneity. Subsequently, the dark colloidal solution 

was transferred into a Teflon-lined stainless-steel autoclave and subjected to hydrothermal 

treatment at 180 °C for 24 hours in a hot air oven. After the autoclave was allowed to cool to 

room temperature, the resulting solution was collected and thoroughly washed with acetone, 

ethanol, and DI water to remove any unreacted precursors or impurities. The washed sample 

was then dried in a vacuum oven at 120 °C to obtain the final product.

The same synthesis protocol was meticulously followed to prepare binary and ternary metal 

nanocomposites (NCs) with MWCNTs, maintaining equal concentrations of the respective 

metal precursors. The synthesized samples were designated as K1, K2, K3, K4, K5, K6, and 

K7, corresponding to CNT-Ni, CNT-Cu, CNT-Ag, CNT-Ni-Cu, CNT-Ni-Ag, CNT-Cu-Ag, 

and CNT-Ni-Cu-Ag, respectively. This systematic approach ensures the reproducibility and 

scalability of the synthesis process, paving the way for further exploration of these advanced 

nanocomposites in various applications.

3. Results and discussion

3.1. Crystalline analysis

In Figure 1, the X-ray diffraction (XRD) patterns of both binary and ternary carbon 

nanotubes (CNTs) functionalized with various metal nanoparticles (NPs), including Ag, Ni, 

and Cu, are presented. The analysis reveals characteristic diffraction peaks at 26.31° and 

43.41°, which are indexed to the (002) and (100) lattice planes of CNT, respectively, as 

confirmed by JCPDS No. 75-1621. Upon the incorporation of Ni NPs into the CNT matrix, 

additional diffraction peaks emerge at specific 2θ values, indicative of the crystalline nature of 

the metallic phase. These peaks exhibit notable shifts and variations in intensity, providing 

critical insights into the structural interactions and potential modifications within the CNT-Ni 

nanocomposites (NCs). Notably, two prominent peaks are observed at 45.99° and 51.41°, 

corresponding to the (111) and (200) crystallographic planes of face-centred cubic (FCC) Ni, 
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respectively. These peaks serve as definitive markers for the presence of metallic Ni, as 

supported by reference 21. The XRD results collectively highlight the successful integration of 

metal NPs into the CNT framework and offer a detailed understanding of the crystallographic 

changes induced by the functionalization process.

Figure 1.  X-ray diffraction spectra of binary and ternary metal composite, K1 (CNT-Ni), K2 (CNT-

Cu), K3 (CNT-Ag), K4 (CNT-Ni-Cu), K5 (CNT-Ni-Ag), K6 (CNT-Cu-Ag) and K7 (CNT-Ni-Cu-Ag 

nanocomposite).

For the CNT-Cu nanocomposites (NCs), the X-ray diffraction (XRD) patterns exhibit 

distinct peaks at various 2θ values, confirming the successful integration of Cu nanoparticles 

(NPs) into the CNT matrix. Notably, prominent diffraction peaks are observed at 43.76°, 

50.95°, and 74.48°, which correspond to the (111), (200), and (220) crystallographic planes of 

face-centred cubic (FCC) Cu, respectively. The XRD analysis reveals an optimized spatial 
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arrangement of Cu NPs on the CNT surface, which enhances the overall crystallinity and 

structural integrity of the composite. This improved crystalline ordering, particularly in the 

(111) and (200) planes, plays a pivotal role in augmenting the material's conductivity and 

catalytic efficiency. The precise alignment and orientation of Cu NPs, as elucidated by XRD, 

are critical for facilitating efficient electron transfer mechanisms, which are essential for 

enhancing performance in both electrochemical and photocatalytic applications. These findings 

underscore the importance of XRD in providing detailed insights into the structural and 

electronic modifications induced by Cu NP incorporation, ultimately contributing to the 

superior functional properties of the CNT-Cu NCs.

The XRD pattern of the CNT-Ag NC exhibited distinct peaks at specific 2θ values, 

signifying the crystalline nature of CNT-Ag NC. Peaks at 38.41°, 44.83°, 65.16°, and 77.83° 

are noted, corresponding to the (111), (200), (220), and (311) crystallographic planes of FCC 

Ag, respectively. These peaks, characteristic of the metallic Ag, confirm the successful 

integration of Ag NPs on the CNT surface 21. 

It is noted that XRD analysis of the bimetallic CNT NCs (CNT-Ag-Cu, CNT-Ni-Cu, 

CNT-Ni-Ag) demonstrates characteristic peaks, corresponding to the crystalline phases of both 

metal NPs and CNTs. The distinctive peaks at specific 2θ values provide information about the 

crystallographic planes of the integrated metals. The crystallinity and phase purity of the NCs, 

as confirmed, establish the foundation for understanding their structural integrity. This 

information is crucial to achieve the desired properties, such as catalytic activity or electrical 

conductivity. Tuning the NCs based on XRD data can enhance their catalytic properties, 

making them promising candidates for application in water splitting, energy storage and 

photocatalytic applications 22.
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3.2. Morphological analysis

To examine the surface morphology and elemental composition of the synthesized 

CNT-metal nanocomposites (NCs), field emission scanning electron microscopy (FE-SEM) 

and energy-dispersive X-ray spectroscopy (EDS) were employed. As illustrated in the Figure. 

2K1(a–c), the micrographs at different magnifications reveal a uniform distribution of Ni 

nanoparticles (NPs) across the CNT surface. The self-assembly of Ni metal with CNTs during 

the chemical synthesis led to the formation of distinct microsphere structures. Higher 

magnification images indicate that these microspheres consist of interconnected thin Ni flakes, 

demonstrating a homogeneous attachment supported by the CNT matrix 23. In Figure. 2K1(d), 

EDS analysis confirms the elemental composition of the K1 sample, indicating the presence of 

carbon (C) from CNTs and nickel (Ni). Similarly, Figure. 2K2(a–c) depicts the FE-SEM 

analysis of CNT-Cu NCs, showcasing well-defined morphologies with Cu nanospheres 

uniformly dispersed on the CNT surface. The CNTs exhibit a characteristic tubular structure 

with a uniform diameter distribution, where individual nanotubes are clearly visible, often 

forming bundles due to strong van der Waals interactions. The CNTs appear twisted and 

entangled, creating large aggregate bundles. The Cu NPs are predominantly spherical, evenly 

dispersed throughout the sample, and exhibit smooth, densely packed surfaces around the 

CNTs. EDS analysis, as shown in Figure. 2K2(d) confirms the presence of both carbon (C) and 

copper (Cu) elements within the composite, further validating the successful integration of Cu 

NPs on the CNT framework 24. In Figure. 2K3(a-c), the FESEM images of CNT with Ag NPs 

are shown. The micrographs clearly reveal a spherical morphology, consistent with the 

formation of a composite structure with CNTs. Some Ag metal NPs are observed to 

agglomerate, forming small clusters on the surface of the CNTs. The CNTs are uniformly 

distributed throughout the silver matrix, and large degree, an innovative wet mixing technique 

has prevented CNT aggregation. Nonetheless, in the CNT-Ag NCs, several CNT clusters are 
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discernible. In Figure. 2K3d, EDS analysis verifies the presence of both C and Ag 25. FESEM 

analysis of the K4 to K6 NCs, as presented in the Figure. 2K4-K6(a-c), reveals a similar 

morphology of CNT with the distribution of different Ni, Cu and Ag metal NPs. This similarity 

might be due to the spherical and tubular morphology of CNT, Ni, Cu and Ag clusters. In the 

case of CNT-Ni-Cu-Ag NCs depicted in the Figure. 2K7(a-c), a large number of small Ni-Cu-

Ag metal NPs are observed, forming clusters of homogeneous sizes that densely cover the 

CNTs. This packed arrangement suggests strong interaction between the metal NPs and the 

CNTs, which potentially enhances the composite's properties 26.
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Figure 2.  FE-SEM images with Different magnifications and corresponding EDS spectrum of K1(a-

d), K2 (a-d), K3 (a-d), K4 (a-d), K5 (a-d), K6 (a-d) and K7 (a-d).

Figure 3.  HR-TEM images of (a-g) CNT-Ni-Cu-Ag with different magnification, (h) corresponding 

SAED pattern, (i-m) corresponding elemental mapping images and (n) EDS spectrum of the CNT-Ni-

Cu-Ag nanocomposites. 

EDS analysis of the K4-K7 NCs in Figure. 2d affirms the presence of C, Ni, Cu and Ag 

elements, without any impurities. Modification of the CNTs with various noble metals offer 

different applications. Besides, metals decorated CNT NCs can further enhance surface area 

and conductivity 23. In Figure. 3(a-m), a detailed high-resolution transmission electron 

microscopy (HR-TEM) analysis of the novel NCs comprising CNTs decorated with Ni, Cu and 

Page 12 of 45Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
7:

54
:4

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA00974J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00974j


13

Ag metal NPs (K7) is given. In Figure. 3(a-g), it is observed that the various metal NPs are 

attached tightly onto the CNTs surface 23. The metal NPs exhibit a spherical morphology and 

a consistent diameter of around 5 nm. They are uniformly disseminated without agglomeration 

and firmly attached to the surface of the MWCNTs. This outcome proves that the metal NPs 

have been uniformly decorated onto the surface of the CNTs 24.

3.3. UV-Vis analysis

UV-Vis spectroscopy was employed to analyse the optical properties of the samples K1 to K7. 

Figure S1(a,b) presents the absorption spectra and band gap plots of the metal-incorporated 

carbon nanotube (CNT) nanocomposites (NCs). The spectra were recorded across a 

wavelength range of 200 to 1000 nm under ambient conditions. All samples (K1 to K7) 

demonstrate significant light absorption in the UV and UV-Vis regions. The distinct optical 

features observed in the UV spectra can be attributed to the synergistic contributions of CNTs 

and metal nanoparticles (NPs) 27. CNTs typically exhibit characteristic absorption peaks in the 

UV region, arising from π-π* transitions in their sp²-hybridized carbon structure. Meanwhile, 

the incorporation of metal NPs introduces plasmonic resonances, which further enhance the 

overall absorption in the UV range. Notably, metal NPs, particularly silver (Ag), exhibit strong 

surface plasmon resonance (SPR) in the UV region, leading to well-defined peaks in the 

spectra. These SPR effects contribute to enhanced optical absorption and scattering properties. 

Among the prepared samples, K7 (CNT-Ni-Cu-Ag) demonstrates superior optical activity, 

outperforming the other CNT-based NCs 22. This enhanced performance is likely due to the 

combined effects of the plasmonic properties of Ag, the catalytic activity of Ni and Cu, and the 

structural advantages of CNTs, making K7 a highly promising material for optoelectronic and 

photocatalytic applications.

Page 13 of 45 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
7:

54
:4

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA00974J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00974j


14

3.4. FT-IR analysis

 Fourier transform infrared absorption (FT-IR) analysis was used to locate the 

functional groups present in the synthesized samples. In Figure. S2, the FT-IR spectra of K1 to 

K7 (CNT-Ni, CNT-Cu, CNT-Ag, CNT-Ni-Cu, CNT-Ni-Ag, CNT-Cu-Ag and CNT-Ni-Cu-

Ag) samples are illustrated.  In Figure. S2a, due to the O-H stretching vibration, a broad peak 

centred around 3295 cm-1 occurred. Peaks at 1650 to 1550 cm-1 signify C-C bond stretching 

while the peak at 1176 cm-1 is assigned to the C-O stretching vibration. The above functional 

groups present in the FT-IR spectrum indicates the CNT structure  28. Further, peaks at 973 and 

459 cm-1 can be attributed to the presence of Ni on the surface of the CNTs. In Figure. S2b, the 

K2 spectrum is similar to the K1 spectrum with some peaks coinciding at 3666 cm-1, 

representing the O-H stretching vibration. Another peak seen at 910 cm-1 belongs to the C-H 

bond. The peak at 1100 cm-1 is attributed to the C-O stretching vibration of the ether groups. 

Further the peak at 640 cm-1 is due to Cu, which denotes the presence of Cu on the CNTs 

surface. In Figure. S2c, the K3 spectrum is similar to the K1 spectrum, but with a broader peak 

at around 3147 cm-1 representing the carboxyl groups. This broader peak is due to the 

overlapping of the O-H stretching vibration. The peak at 1712 cm-1 is attributed to the C=O 

stretching vibration of the carbonyl groups. The shift can be due to the presence of Ag metal 

on the surface of the CNTs. This shift can also be observed at 1226 cm-1 and 867 cm-1 of the 

C-H bond.  

In Figure.  S2d, K4 spectrum is represented at 3344 cm-1, a relatively sharp peak which 

is assigned to the O-H stretching vibration 29. The peak located at 1618 cm-1 denotes C-C bond 

stretching, and the peak at 1230 cm-1 belongs to the C=O bond. Peaks observed at 935 cm-1, 

445 cm-1 and 1405 cm-1, and 760 cm-1 could be due to Ni and Cu, respectively 30. In Figure.  

S2e, the K5 spectrum is a combination of the K1 and K3 spectra. In the K5 spectrum, the peak 
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at 3286 cm-1 is due to the O-H vibration mode, while the peak at 1608 cm-1 is due to the C-C 

bond stretching vibration. All other peaks are like K1 and K3 with minor shifting owing to the 

presence of both Ni and Ag. The K6 spectrum highlights characteristic peaks of K2 and K3. 

As such, the broad peaks at 937 cm-1 and 746 cm-1 are attributed to the presence of mixer phases 

of Cu and Ag, as denoted in the Figure. S2f. The K7 spectrum is akin to K6 with similar major 

peaks. However, the broad peaks at 3200 cm-1 to 2880 cm-1
 present in K6 have been suppressed 

as a result of the presence of Ni, Cu and Ag 27.

3.5. Raman analysis

In Figure. S3, the Raman spectra of CNTs decorated with K1-K7 metal compositions 

are shown. The D band in the Raman spectrum can be used to estimate the number of defects. 

Two distinct peaks between 1,320 and 1,600 cm-1 are identified in the CNTs (K1 to K7 sample) 

NCs. The D band is caused by defects and lattice mismatches. In contrast, the G band is caused 

by the E2g mode, which involves stretching vibrations of sp2 linked C-C bonds.  Particularly, 

the D band originates from the first-order scattering process of sp3 carbon caused by the 

presence of in-plane substitutional heteroatoms, vacancies, grain boundaries, or other defects, 

as well as finite size effects; all of these reduce the crystalline symmetry of the quasi-infinite 

lattice 31,32. The G band reflects the sp2 carbon states associated with the graphitic hexagon-

pinch mode. 33. Studies carried out about Raman spectra for CNTs (K1-K7 samples) show that 

the number of defects in graphene layers depends on the ratio of ID/IG, which is tabulated and 

shown in the Table. S1.  Accordingly, for the Raman spectra: CNT-Ni, CNT-Cu, CNT-Ag, 

CNT-Ni-Cu, CNT-Ni-Ag, CNT-Ni-Cu-Ag, the ratio ID/IG corresponded to 0.20, 0.10, 0.74, 

0.92, 0.56, 1.07, respectively. It is seen that the CNT-Ni, CNT-Cu samples have high purity. 

As for CNT-Ni-Cu and CNT-Ni-Cu-Ag, the ratio ID/IG decreased. However, the ratio ID/IG of 

CNT-Ni-Cu-Ag (ID/IG ~1.07) significantly increased. It is noted that the increase in D band 
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intensity with decreasing CNTs content 31,32. This phenomenon can be attributed to the 

accumulation of carbonaceous by-products on the surface. Additionally, as the mass percentage 

of CNTs decreases, the intensity of the G band in the Raman spectrum increases. This is likely 

due to the relative enhancement of graphitic characteristics in the remaining carbon structure, 

as the contribution from CNTs diminishes. The G band, which corresponds to the in-plane 

vibrational mode of sp²-hybridized carbon atoms, becomes more pronounced in the absence of 

the distinct structural features of CNTs, reflecting a shift in the carbon phase composition.

3.6. Surface chemistry investigations 

To investigate the chemical composition and oxidation states of the CNT-based 

composites (K4, K5, K6, and K7), X-ray photoelectron spectroscopy (XPS) analysis was used. 

In Figure. S4(a-e), the K4 NC core level high-resolution spectrum and survey spectra are 

illustrated. As observed, the binding energy associated with 933 and 953 eV in Cu high-

resolution spectra corresponds to 2p3/2 and 2p1/2, respectively 34. Satellite peaks located at 

942 eV and 961 eV indicate the presence of copper oxides (CuO) in the NC. This finding could 

be due to surface exposure, which causes mild oxidation of the Cu matrix  35. The high-

resolution C 1s spectra of K4 demonstrate peaks due to carbon sp2 and sp3 hybridization. The 

spectra signify that the percentage of sp2 hybridization carbon is larger than the percentage of 

sp3 hybridization carbon, indicating that the composite has a higher degree of graphitization 

with fewer lattice defects 36,37. The prominent C 1s signal for sp2 carbon, which is also found 

in other composites, denotes that the conjugated bonds in CNT are preserved even in composite 

form 38. It is seen that when Ni is incorporated in the composite, the C 1s peak becomes more 

asymmetric owing to the creation of a shoulder peak at higher binding energies 39. At around 

287 eV, a C-OH peak appeared, which is due to the absorption of water molecules.  In Figure. 

S4, the high-resolution spectra of Ni 2p, with peaks at 855.2 eV and 872.7 eV, are ascribed to 

2p3/2 and 2p1/2, respectively. Such an outcome indicates that Ni is present in the composite 
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as Ni2+  40. There is no apparent peak associated with metallic Ni around 852 eV, indicating 

that Ni NPs on the CNTs surface give good capacitance properties 41. Further, satellite peaks 

are observed at around 860 eV and 880 eV that have a higher binding energy than peaks 

assigned to Ni2+ 42. 

Figure 4. (a) XPS survey spectrum of CNT-Ni-Cu-Ag(K7), and (b-f) high-resolution spectra of Ni 2p, 

Cu 2p, Ag 3d, C 1s and O 1s, respectively.

In Figure. S5(a-e), XPS survey spectra along with high-resolution spectra of the 

elements Ni, Ag, C, and O are seen to be present in K5 NC. The binding energy values of 367 

eV and 373 eV in Ag3d spectra are related to 3d5/2 and 3d3/2, respectively: no further peaks 

are identified. This binding energy value shows that the silver included in the composite has 

been oxidised. Ni 2p high-resolution spectra in K5 NC exhibit a similar pattern to K4 NC. 

However, in the case of K6 NC (Figure S6(a-e)), additional peaks arise at 367.4 eV and 372.4 

eV, which correspond to silver peaks (Ag2O and AgO) 43. In the ultra-high vacuum, however,  
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AgO is found to be unstable, and its existence cannot be verified 44. Peaks located at 368 eV 

and 373.8 eV are ascribed to metallic Ag, which indicates that CNT is effective as a protective 

layer in this composite, preventing the oxidation of Ag NPs 45. This pattern was not seen in 

other composites. In Figure. 4(a-f), the existence of Ni, Cu, Ag, C, and O elements are seen. 

The presence of copper in +1 and +2 oxidation states is confirmed by the presence of peaks at 

933 eV and 935 eV. The high intensity of sp2 hybridization signifies that CNT has a high degree 

of graphitization and fewer lattice defects. A tiny peak on the higher binding energy side of the 

O 1s spectra confirms the presence of Ag-O bonding. In the Table. S2, the binding energies of 

C, O, Ni, Cu and Ag elements for the K4-K7 samples are given.

3.7. OER analysis

Using 1 M KOH as an electrolyte solution, the synthesized metal and metal-based-NCs 

(K1 to K7) were applied for OER activities. In Figure 5, the results are shown. In Figure. 5a, 

the linear sweep voltammetry (LSV) curves of K1 to K7 and RuO2 NPs are depicted. Hence, 

the onset potential values: K1 (1.6772 V), K2 (1.6504 V), K3 (1.6406 V), K4 (1.6376 V), K5 

(1.6212 V), K6 (1.6187 V) and K7 (1.516 V) vs. RHE are observed. It is noted that the current 

density of K7 NC reached about 450 mA/cm2, which is relatively higher compared with that 

of other metal and metal-based NCs. Further, the potential of 50 mA/cm2 is observed at 1.8653 

V, 1.8064 V, 1.7948 V, 1.7921 V, 1.7650 V, 1.7260 V, 1.7065 V and 1.612 V vs. RHE, for 

K1, K2, K3, K4, K5, K6 and K7 NCs, respectively. 

It is acknowledged that overpotential is one of the key parameters that determines an 

electrocatalyst's OER performance.  As a reference standard for OER performance 50 mA/cm2 

is commonly utilised. Hence, the lower overpotential of the NCs indicates stronger OER 

reactivity. Of all samples, K7 NC exhibited the best OER activity, as demonstrated by the 

lowest overpotential of 382 mV at 50 mA/cm2 (Figure 5b). In Figure. 5b, a comparison of 
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reaction performance, overpotentials, and catalytic current density at 50 mA/cm2 is seen. The 

overpotential of K7 NCs (382 mV/cm2) was found to be much smaller than the other samples: 

K1 (635 mV/cm2), K2 (576 mV/cm2), K3 (564 mV/cm2), K4 (562 mV/cm2), K5 (535 mV/cm2), 

K6 (496 mV/cm2) and reference sample of RuO2 (382 mV/cm2). 

Figure. 5. OER analysis using 1 M KOH: (a) Polarization curves of K1-K7 and RuO2, (b) Comparison 

of onset potential, the potential required to reach 50 mA/cm2 current density, and overpotential for K1-

K7 and RuO2, (c) Corresponding Tafel slops, (d) Chronoamperometry analysis of K7, and (e) EIS 

analysis of K1-K7 NPs.

Further, in Figure. 5c, the Tafel plots of K1-K7 and RuO2 are displayed. Thus, the Tafel 

slope values of K1-K7 and RuO2 proved to be about 120 mV/dec, 134 mV/dec, 106 mV/dec, 

102 mV/dec, 76 mV/dec, 74 mV/dec, 73 mV/dec and 30 mV/dec. It is seen that the K7 NCs 

revealed the lowest Tafel slope value compared with samples (K1-K6). Such an outcome shows 

that K7 possesses better OER activity in an alkaline medium. In addition, the material stability 

of the K7 NCs was evaluated via chronoamperometric analysis, over a period of 10 h. As a 
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result, the K7 electrode demonstrated a stable current density of about 12 mA/cm2 for the 

potential of 1.645 V vs. RHE (Figure. 5d).  In Figure. 5e, Nyquist plots of the samples are 

presented.  Accordingly, the charge transfer resistance (Rct) of the metal and metal-based NCs 

for K1, K2, K3, K4, K5, K6 and K7 is seen to correspond to 2.33 Ω, 3.3 Ω, 8.76 Ω, 6.2 Ω, 4.33 

Ω, 1.69 Ω and 1.49 Ω, respectively. The K7 NCs possessed the lowest Rct of 1.49 Ω, which 

confirms the high charge transfer during OER analysis. 

Figure 6 (a-g) CV analysis of the electrodes: K1 as CNT-Ni, K2 as CNT-Cu, K3 as CNT-Ag, K4 as 

CNT-Ni-Cu, K5 as CNT-Ni-Ag, K6 as CNT-Cu-Ag and K7 as CNT-Ni-Cu-Ag, at different scan rates.

The electrochemically active surface area (ECSA) of the K1-K7 NCs was analysed 

through cyclic voltammetry (CV) analysis. ESCA is directly proportional to the 

electrochemical double-layer capacitance (Cdl) of NCs. To determine Cdl, CV analysis was 

carried out at various scan rates (Figure 6a-g). The current density (ΔJ) was calculated as the 

difference between the anodic and cathodic peak current density (Ja-Jc). The plots of scan rate 

vs. current density provide information regards NCs Cdl.  In Figure. S7(a-g), the calculated 

Cdl values of the K1-K7 are presented.  Hence, the Cdl values for K1-K7 proved to be 2.5 
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µF/cm2, 2.6 µF/cm2, 2.8 µF/cm2, 2.8 µF/cm2, 3.1 µF/cm2, 3.2 µF/cm2 and 3.2 µF/cm2, 

respectively. The K7 NCs reveal the highest Cdl value, demonstrating enhanced OER activity 

in the alkaline medium. It is evident, therefore, that the K7 NCs can perform well in an alkaline 

medium. The combination of enhanced charge transport increased active sites, redox 

behaviour, and synergistic interactions between CNTs and metal nanoparticles (Ag, Cu, Ni) 

significantly boosts the OER performance. These properties make metal-decorated CNTs 

highly efficient and durable catalysts for renewable energy applications, such as water splitting 

and fuel cells. 

3.8. Supercapacitive analysis

To further understand the electrochemical charge storage behaviour of metal NCs with 

CNT, K1 (CNT-Ni), K2 (CNT-Cu), K3 (CNT-Ag), K4 (CNT-Ni-Cu), K5 (CNT-Ni-Ag), K6 

(CNT-Cu-Ag) and K7 (CNT-Ni-Cu-Ag) electrodes were characterized via CV, GCD and EIS. 

In Figure 7, the detailed supercapacitor performance of each sample is displayed. The CV 

curves at different scan rates (5-100 mV s-1) under a fixed potential window (0.0-0.6 V) were 

obtained 46. 

In Figure. 7a, the CV curves show a faradaic pattern with a non-rectangular shape. In 

each curve, there is a pair of redox peaks, which may be associated to the pseudocapacitance 

characteristic of the K1 (CNT-Ni) electrode, using 6 M KOH electrolyte. As scan rates 

increased, the redox peaks consistently maintain their integrity, indicating excellent rate 

performance. In Figure. 7b, the CV curves of K2 (CNT-Cu) electrode are recorded at various 

scan rates in the same potential window 47. All CV curves show well-defined reversible redox 

peaks, indicating typical pseudocapacitive behavior. In Figure. 7c, the CV curves of K3 (CNT-

Ag) electrode at various scan rates are displayed 48. In the K3 electrode, oxidation/reduction 

peaks are observed at lower scan rates. As such, this outcome indicates that the K3 electrode 

is storing charge in a Faradaic manner. Furthermore, as scan rate increases, the CV curves 
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become broader and the redox peaks are seen to shift slightly. In Figure. 7d, the CV curves of 

K4 (CNT-Ni-Cu) electrode at different scan rates are shown 49,50. The CV profile of the double 

metal electrode contains redox peaks, showing pseudocapacitive behaviour due to the Faradic 

mechanism, which is caused by the interaction of hydroxyl ions in the KOH electrolyte along 

with the bi-metal of the Ni-Cu electrode. As scan rates increased, redox peak intensities 

increased, scarcely shifting towards a higher potential, indicating that fast redox reactions occur 

at the interface between the active material and the electrolyte. 

Figure 7. Electrochemical analysis: (a-g) CV curves represent the fabricated CNT-metal based 

electrodes (K1 to K7) measured at various scan rates, (h) Comparative CV curves of K1 to K7 

electrodes, respectively, and (i) Obtained specific capacitance, at different scan rates. 

In Figure. 7(e,f), the electrochemical performance of the binary-based CNT-Ni-Ag and 

CNT-Cu-Ag electrodes are observed. Due to the presence of Ag metal, the CV curves show 
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additional redox active sites, which enhance the electrochemical performance 51. In Figure. 7g, 

the CV curves of the ternary-metal composed with CNT (K7) electrode, at 0.0-0.6 V potential 

window, are displayed. As scan rate increased, the total current density increased in the CV 

plots, revealing a diffusion-controlled phenomenon, which is a slow process. The size of the 

diffusion layer above the electrode surface also varied, according to the voltage scan rate. 

Higher scan rates cause a smaller differential between the diffusion layer and the surface of the 

electrode surface, resulting in enhanced flux to the electrode surface. As a result, the current 

accelerated. When scan rates increased further, the redox peaks shifted slightly, resulting in 

increased peak separation. Peak separation is due to solution resistance plus the significant 

effect of the iR drop 52. Owing to its large surface area, Ni-Cu-Ag acts as a supporting material 

for the CNT electrode. Hence, better intercalation and deintercalation of electrolyte ions are 

seen, generating greater specific capacitance values. 
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Figure 8. Electrochemical measurements: (a-g) GCD curves of the fabricated electrodes (K1 to K7) 

measured at various scan rates, (h) Comparative GCD curves of K1 to K7 electrodes, respectively, and 

(i) Obtained specific capacitance at 10 mA g-1 current density. 

In Figure. 7h, the comparative CV curves of all these electrodes at a scan rate of 5 mV 

s-1 are shown. The redox peaks reveal pseudocapacitive behaviour caused by the Faradic 

mechanism, arising from electrolyte contact with the corresponding electrode. As scan rates 

increased, redox peak intensities increased, shifting slightly towards a higher potential. It is 

noted that rapid redox reactions occur at the active material-electrolyte interface. In Figure. 7i, 

the maximum specific capacitance, calculated from the CV plots, proved to be 1033 F g-1, 545             

F g-1, 1050 F g-1, 1406 F g-1, 1334 F g-1, 1224 F g-1 and 1600 F g-1 for the K1, K2, K3, K4, K5, 

K6 and K7 electrodes at 5 mV s-1, respectively. The high specific capacitance of the  K7 (CNT-

Ni-Cu-Ag) electrode denotes the synergistic interaction between the CNT and metal surfaces 

53. To further the diffusion kinetics of the electrodes were calculated using the Randles-Sevcik 

equation shown in (Figure. S10).  The CNT-Ni-Cu-Ag electrode records an apparent diffusion 

coefficient of 2.27 × 10-7 cm2 s-1, which is somewhat lower than that observed for the binary 

composites (CNT-Ni-Cu and CNT-Cu-Ag). This outcome implies that introducing all three 

metals together creates additional structural or interfacial complexities that slightly slow down 

ion transport compared to the simpler binary systems. Even so, the CV profiles reveal sharp 

and nearly symmetric anodic and cathodic peaks, confirming that the electrode maintains 

balanced and reversible redox activity. Overall, the CNT-Ni-Cu-Ag composite demonstrates 

stable charge transfer kinetics, combining moderate ion diffusion with a well-defined and 

symmetric electrochemical response, despite its diffusion rate being marginally reduced 

relative to certain binary counterparts.

In Figure 8, all the GCD curves present a sloping trend, which is consistent with the 

CV results. In Figure. 8(a,b), GCD curves at different current densities are illustrated. This 
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electrode demonstrated typical pseudocapacitive behaviour with non-linear discharge curves. 

This behaviour has also been observed in GCD curves at different current densities (Figure 8c). 

Further, when Ag is combined with CNTs, the overall GCD curve profile changes 54. Thus, the 

presence of CNT with metallic Ni and Cu contributed to a higher current density in the GCD 

profile, as denoted in the Figure. 8d. The metals, functioning as a current collector, can reduce 

resistance and improve the conductivity of the CNT-Ni-Cu electrode. In Figure. 8(e,f), the 

GCD curves of the K1- K7 samples at various current densities are displayed. All GCD curves 

are triangle-shaped with strong symmetry, indicating that each sample has good charge-

discharge reversibility. In Figure. 8g, the nonlinear GCD plots indicate their divergence from 

the ideal character. Specific capacitance is mostly contributed by the redox process. In Figure. 

8h, the comparative GCD curves and the corresponding capacitance value are summarised, as 

shown in the bar diagram in Figure. 8i. Herein, the maximum specific capacitance obtained for 

K1, K2, K3, K4, K5, K6 and K7 electrodes are found to be 838 F g-1, 500 F g-1, 912 F g-1, 1085 

F g-1, 1116 F g-1, 1086 F g-1 and 1451 F g-1, respectively. The specific capacitance obtained in 

the present study was compared to prior reported work; the results are summarised in Table S3 

46,48,49,51–67. The specific capacitance decreased linearly with increasing current due to the 

speedy attainment of the operational voltage range at high current, resulting in rapid charge-

discharge. All the GCD graphs revealed pseudocapacitive nature of the electrodes. 

To better understand the charge transfer mechanism and calculate the resistance 

associated with charge storage at the electrode/electrolyte contact, EIS was implemented. In 

Figure. S8a, the EIS-Nyquist plots of the K1–K7 samples, in the frequency range of 100 kHz 

to 0.01 Hz, are observed. The AC impedance spectra of the samples K5 and K6 are represented 

via Nyquist plots at a frequency of 100 kHz to 0.01 Hz 65. Electrochemical performance is seen 

to be higher for the K7 (CNT-Ni-Cu-Ag) electrode. In Figure. S8b, the cyclic stability of the 

K7 (CNT-Ni-Cu-Ag) electrode at current density of 15 mA g-1 is presented. The capacitance 
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retention of the K7 electrode shows a higher cyclic stability of 99% @ 5000 cycles compared 

with other electrodes reported elsewhere 66,67. In Figure. S9, the electrochemical mechanism of 

the K7 electrode is depicted. The metals incorporated on CNTs surface exhibited high specific 

capacitance due to a combination of factors that enhance their electrochemical performance 

including increased surface area, improved electrical conductivity, pseudocapacitance 

contribution, synergistic effects at the metal-CNT Interface, enhanced ion diffusion, 

mechanical stability, and tailored electronic properties. These properties make metal-decorated 

CNTs highly effective for energy storage applications, such as supercapacitors.

3.9. Asymmetric supercapacitor of CNT-Ni-Cu-Ag // AC electrodes

To investigate the utilization of the CNT-Ni-Cu-Ag metal-based NCs, an asymmetric 

supercapacitor (ASC) device was fabricated, using activated carbon as an anode, CNT-Ni-Cu-

Ag as a cathode and 6 M KOH solution as an electrolyte. In Figure. 9, the performance of the 

assembled CNT-Ni-Cu-Ag//AC device is shown. The fabricated ASC device was examined 

via CV, GCD and EIS analysis, under ambient conditions. In Figure. 9a, the CV curves of the 

ASC device tested at a fixed potential window of 1 V, under various scan speeds, are illustrated 

68. As observed, the area under the curve (peak current) gradually increased as the scan rate 

increased, demonstrating that the device had excellent rate performance and reversibility.

In Figure. 9b, GCD curves are also seen at a fixed potential (1 V), under various current 

densities, ranging from 1 to 20 mA g-1. This display showed the symmetrical charge-discharge 

nature of the ASC device, indicating its excellent electrochemical reversibility with high 

efficiency. Moreover, the ASC device displayed excellent charge storage behaviour, as noted 

by the shape of the GCD curves matching the pairs of the redox peaks of the CV profiles. The 

highest specific capacitance of 105 F g-1 was achieved through GCD analysis at a current 

density of 1 A g-1. The specific capacitance values decreased with increasing scan rate and 

current density 69. In Figure. 9c, the specific capacitance is seen to vary. Subsequently, EIS 
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analysis was conducted to assess the interfacial resistance properties of the ASC device over a 

frequency at 10 Hz to 100 kHz 70. In Figure. 9d, the Nyquist plots of the ASC device before 

and after GCD analysis are illustrated. The straight line inclined at low frequencies indicates 

Warburg impedance (W) attributed to the electrolyte diffusing into the electrode 71. 

Figure. 9. Two-cell electrochemical analysis of CNT-Ni-Cu-Ag // ASC device: (a) CV, (b) GCD, (c) 

Specific capacitance, (d) EIS, (e) Stability of CNT-Ni-Cu-Ag, and (f) EIS after stability. 
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For real-time applications, the ASC device’s cyclability is essential for examining the 

degrading behaviour of the device. As shown in the Figure. 9e, the stability of the ASC device 

was evaluated over 5000 cycles at a current density of 20 mA g-1. At the 5000th GCD cycle, 

capacitance retention reached approximately 80 %. In Figure. 9f, EIS measurements of the 

ASC device were conducted before and after stability measurements. The performance of the 

assembled ASC was examined through key electrochemical indicators, such as energy density 

and power density (Figure. S11). The device exhibited an energy density of 15 Wh kg⁻¹ 

together with a power density of 83 W kg⁻¹, demonstrating its effectiveness in reliable energy 

storage. In addition, two ASC devices were connected in series and charged for 60 s, using a 1 

V LED lamp 72. Consequently, the assembled ASC device demonstrated maximum energy 

density and power density of 17.5 Wh kg-1 and 8.37 kW kg-1, respectively. After careful 

evaluation via CV analysis, the charge storage kinetics of the ASC device were investigated, 

using Dunn’s approach, as expressed in  Eq. (1). This approach provided information about the 

charge storage characteristics, which were either surface-controlled (pseudo-

capacitance/capacitive) or diffusion-controlled 73.

i= k1ν+k2ν or i/ν0.5=k1ν0.5+k2 (1)

In Figure 10 (a-e), the capacitive characteristics of the ASC device under various scan 

rates are shown. It is observed that as the scan rate increased, the contribution of the 

capacitive/surface-controlled kinetics to total capacitance increased, and diffusion-controlled 

contributions decreased. Capacitive contribution was found to be 87 % for 1 mV s-1, reaching 

to 97 % at 20 mV s-1 (Figure. 10f). The selective metals incorporated on CNTs exhibit high 

specific capacitance due to a combination of factors that enhance their electrochemical 

performance including increased surface area, improved electrical conductivity, 

pseudocapacitance contribution, synergistic effects at the metal-CNT Interface, enhanced ion 
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diffusion, mechanical stability, tailored electronic properties. These properties make metal-

decorated CNTs highly effective for energy storage applications, such as supercapacitors.

Figure 10. Examination of charge storage characteristics using CV analysis (Dunn’s approach): (a) 1 

mV/s, (b) 3 mV/s, (c) 5 mV/s, (d) 10 mV/s, (e) 20 mV/s, and (f) Percentage comparison of capacitive 

and diffusion-controlled contributions under different scan rates.   
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3.10. Photocatalytic degradation of anti-inflammatory (organic pollutants)

The enhanced photocatalytic degradation performance of metal-decorated carbon 

nanotubes (CNTs) can be attributed to several synergistic mechanisms: Improved Light 

Absorption, Efficient Charge Separation and Transfer, Generation of Reactive Oxygen Species 

(ROS), Increased Surface Area and Active Sites, Enhanced Adsorption of 

Pollutants, Synergistic Effects at the metal-CNT interface, and Reduction of Bandgap Energy. 

These interconnected factors work together to significantly boost the photocatalytic activity of 

metal-decorated CNTs, making them highly effective for applications in wastewater treatment, 

environmental remediation, and other pollution control technologies. Here, diclofenac (DIC) 

and ciprofloxacin (CIP) anti-inflammatories are used for degradation. The photocatalytic 

degradation of DIC and CIP was analyzed under visible light, using synthesized CNT-Ni-Cu-

Ag NCs, labelled as K7. In Figure. 11a, UV-visible spectra for CIP in the presence of K7 

catalyst after 2 h of visible light exposure are displayed. As CIP was treated, the pollutant 

concentration of CIP was seen to decrease under prolonged visible light irradiation time, 

indicating the decomposition of the phenyl groups in the CIP molecule. Moreover, the K7 

catalyst degraded the CIP molecule, attaining an efficiency of 98.5% after 2 h. The degrading 

efficiency was enhanced by the combination of metal ions present on the CNT 2D-structure, 

which led to a faster rate of light absorption, the production of electron-hole pairs, and a delay 

in recombination 74,75. 

In Figure. 11b, a similar procedure was implemented. As a result, a photocatalytic 

organic pollutant degradation occurred when K7 NC was used against another pollutant type, 

the DIC solution. The K7 catalyst exhibited rapid degradation of the DIC solution and attained 

a degradation efficiency of 86% within 2 h of light irradiation. The significant improvement in 

degradation is attributed to the combination of metal NPs on the  CNT surface, mitigating the 

recombination effect of excited charge carriers (electron-hole pairs). 
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Figure 11. Degradation graph of CNT-Ni-Cu-Ag: (a) CIP, (b) DIC for the K7 nanocomposites, (c) 

Degradation efficiency, (d) Kinetics, (e) Scavengers study, and (f) Reusability study graph of CNT-Ni-

Cu-Ag NPs. 

In Figure. 11c, the changes in the initial and final concentrations of the organic pollutant 

in the presence and absence of the photocatalyst over time (t) for DIC and CIP are depicted. 

The K7 catalyst is seen to exhibit the highest degradation level, attributed to sub-energy levels 

serving as recombination traps, and a significant reduction in the band gap took place. The sub-
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energy level of the conduction band generated a greater number of reactive oxygen species 

(ROS). Further analysis of pseudo-first-order kinetics, as presented in the Figure. 11d revealed 

degradation rates against CIP solution of 0.010 min-1 and 0.0047 min-1. 

The effect of initial pH on the photocatalytic degradation of ciprofloxacin (CIP) and 

diclofenac (DIC) by the K7 composite was examined over a broad pH range (pH 4-10), as 

presented in Figure S12 (a-b). The reaction pH was adjusted using 0.1 M HCl for acidic 

conditions and 0.1 M NaOH for alkaline conditions. The composite exhibited its highest 

degradation efficiency under slightly acidic conditions, achieving 98% CIP and 86% DIC 

removal at pH 6. At lower pH (4-5), moderate degradation was observed, attributed to increased 

protonation of the pollutants and variations in catalyst surface charge. In contrast, at higher pH 

values (7-10), the efficiency gradually decreased, particularly for DIC, due to its predominantly 

anionic form, leading to electrostatic repulsion from the catalyst surface. Despite this decline, 

the catalyst maintained considerable activity throughout the tested pH range, confirming its 

robustness and practical reliability for real wastewater treatment applications, which 

commonly operate in slightly acidic to near-neutral conditions.

To identify the primary reactive oxygen species involved in the degradation process, 

studies on scavengers were conducted. The investigation into scavengers for organic pollutant 

degradation specifically focused on the reaction conditions with the highest degradation 

efficiency, which was observed for the K7 NC. Therefore, h+, OH-, and ●O2
- were removed 

from the reaction solution by an accumulation of associated scavengers, such as 

Triethanolamine (TEOA) (h+ scavenger), Tert-butanol (●OH scavenger), and N2-atm (●O2
- 

scavenger). The effectiveness of scavengers on DIC and CIP solution is shown in the Figure. 

11e. The Scavenger experiments demonstrated that the N2-atmosphere exhibited considerable 

differences in efficiency when compared to Tert-butanol and TEOA. The superoxide radicals 
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thus play a significant role in the breakdown of organic pollutant molecules. Reusability of 

photocatalysts (K7) is another crucial area of research. The results on reusability affirm the 

stability of the catalyst. In Figure. 11f, it is observed that even after undergoing five cycles of 

the photocatalytic process, there is no notable decrease in degradation efficiency. Any observed 

decline in degradation efficiency after five cycles is attributed to the loss of the sample during 

the washing process. The process elucidating the degradation of CIP and DIC organic 

pollutants catalysed by K7 can be expressed as follows:

(i) Generation of an electron-hole pair

          CNT-Ni-Cu-Ag + hν                           h+ (VB) + e– (CB) (2)

(ii) Creation of hydroxyl radicals

OH– + h+              OH● (3)

H2O + h+ OH● + H+ (4)

(iii) Formation of superoxide radicals 

O2 + e–                    O2
● – (5)

(iv) Photo degradation of CIP and DIC anti-inflammatory 

Organic pollutant + OH● + O2
● –                               Degradation products (6)

The current study clearly indicates that the K7 photocatalyst exhibits superior 

photocatalytic degradation of DIC and CIP toxic molecules. As shown in the Figure. S11, the 

enhanced efficiency of the K7 catalyst can be attributed to two key factors: (i) reduction in the 

band gap and (ii) charge trapping of the photocatalytic mechanism of K7 against DIC and CIP 

solution. Table S4 represents a comparison of photocatalytic activity, including recent reports 

74–85. The catalyst K7 is seen to be most effective for practical applications due to the efficient 

synergetic effect between CNTs with metals.

3.11. Theoretical study 

Page 33 of 45 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
7:

54
:4

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA00974J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00974j


34

To understand the physical property changes with respect to metal ions on the surface 

of the CNTs, theoretical studies were conducted via DFT using the B3LYP potential, and 6-

31G basis set 86.  Processes for the formation of CNTs decorated with various transition metals: 

Ag, Cu, and Ni were studied. Processes of interaction of a zig-zag (6, 0) CNT with individual 

metal atoms (Ag, Cu and Ni) were simulated. Three possible positions for the arrangement of 

metal atoms relative to the CNT surface were considered: i)  above the carbon atom, ii)  in the 

middle of the C – C bond, and iii) centre of the carbon hexagon (Figure 12). For modelling and 

theoretical studies, a molecular cluster (6, 0) nanotube was considered. The cluster contained 

8 layers of carbon hexagons along the longitudinal axis of the nanotube. Unclosed valencies at 

the cluster boundary were closed by pseudohydrogen atoms.

Figure 12. Variations of the location of the metal atom relative to the surface of the carbon nanotube: 

(a) Above the carbon atom, (b) Middle of the C-C carbon bond, and (c) In the centre of the hexagon.

The experiment was performed as follows. Selected metal atoms approached the 

nanotube surface step by step (with a step of 0.1 Å) along the normal to the longitudinal axis 

of CNT, focusing on one of the possible surface centers – towards a carbon atom (Figure. 12a), 

or the center of a C-C bond (Figure. 12b), or the center of a carbon hexagon (Figure. 12c). At 

each step, potential energy of the system was determined. The calculations obtained made it 

possible to construct the profile of the potential energy surface of the CNT–metal atoms 
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interaction and optimal distances; interaction energies were determined, as illustrated by 

minima on the energy curves for single, binary and ternary metallic atoms 87. 

In Figure. 13(a-c), the geometry of the system used in the computer experiment is 

observed. In the first stage, a single metal atom approached the surface of the nanotube in the 

manner described above. At the next stage, the interaction of (6, 0) nanotubes with two metal 

atoms was studied, as shown in the Figure. 13(d-f). Consequently, a second metal atom (Ni or 

Cu) gradually approached from the opposite side of the nanotube with a rigidly attached Ag 

atom located above the centre of the C hexagon at a distance of 2.1 Å (determined at the first 

stage of research) 86–88. Movement took place along the normal to the longitudinal axis of the 

nanotube, drawn through the centres of the two opposite C hexagons, above one of which there 

was an Ag atom, and above the other a Ni (or Cu) atom (Figure 13(d,e)). To simulate the 

interaction between CNTs and another pair of Ni and Cu atoms, we considered a system 

consisting of a CNT with a Ni atom rigidly attached to it at a distance of 1.6 Å from the center 

of the hexagon, to which the Cu atom was approached step by step in the manner described 

above (Figure. 13(f, g)). The angle between the metal atoms was found to be 1800 (Figure 13(h-

j)). 

Finally, a composite consisting of (6, 0) CNTs and three atoms (Ni, Ag and Cu) was 

formed. The investigated results are represented geometrically. The metal atoms located above 

the middle of the hexagons were oriented at 120° relative to each other (Figure 13k). The 

simulation was performed as follows. First, the nanotube was considered with an Ag atom 

rigidly fixed at a distance of 2.1 Å above the centre of the hexagon, and the copper atom was 

incrementally approached along the normal to the longitudinal axis of the nanotube to the 

centre of another hexagon. The angle between the normal drawn from the silver atom to the 

CNT axis and from the Cu atom to the CNT axis was 1200. Calculations made it possible to 

construct an energy curve for the interaction of the “CNT-Ag” system with the Cu atom, as 
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shown in the Figure. S14g. Next, the “CNT-Ag-Cu” system was fixed, and the third atom, the 

Ni atom, approached it step by step. The angle between the normal drawn from the silver atom 

to the CNT axis and from the Ni atom to the nanotube axis was also 120°. That is, all three 

normal vectors were drawn at the same angles of 120° relative to each other (Figure 13k).

Figure 13. The position of metal atoms relative to the surface of carbon nanotube: (a-c) The position 

of single atoms of Ag, Ni and Cu, (d-e) The position of a pair of atoms on opposite sides of a carbon 

nanotube: Ag-Ni, Ag-Cu, Ni-Cu, (f, g) The position of the three atoms Ag, Ni and Cu, (h-j) The position 

of a pair of atoms on opposite sides of a carbon nanotube: Ag-Ni, Ag-Cu, Ni-Cu, view from above, and 

(k) the position of the three atoms Ag, Ni and Cu, view from above. 

The calculations obtained made it possible to construct the potential energy surface 

profiles of these systems (Figure S12(a-g)) and determine the interaction distances and energies 
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as well as the band gap of the system (Table S5). An analysis of the results established that for 

all selected metal atoms, the most probable position from an energy point of view is the position 

of the atom above the centre of the carbon hexagon of the CNTs surface (the interaction energy 

values are maximum in absolute value). In Figure 14, the density of states curves for all 

considered “CNTs – metal atom” systems are shown. 

Figure 14. The densities of states of “CNT - metal atoms” systems: (a) Ag atom, (b) Ni atom, (c) Cu 

atom, (d) Ag-Ni atoms, (e) Ag-Cu atoms, (f) Ni-Cu atoms, (g) CNT- Ag and Cu is added, angle between 

normal 120°, and (h) CNT- Ag- Cu and Ni is added, angle between normal 120°, (i) CNT without 

modification.

Page 37 of 45 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
7:

54
:4

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA00974J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00974j


38

The energy gap ΔEg was chosen as the quantity determining the electronic properties of 

the carbon nanotube. The value ΔEg was calculated as the difference between the energy of 

the lowest unoccupied molecular orbital ELUMO and the energy of the highest occupied 

molecular orbital EHOMO:

                                       ΔEg= ELUMO- EHOMO                                                             (7)

 An analysis of the results obtained established that the presence of metal atoms on the 

surface of CNTs reduces the bandgap width compared to pure CNTs (without metals). 

However, in the presence of a Ni atom, this decrease is not so significant. This trend continues 

when CNTs are simultaneously modified with Ag and/or Cu and Ni atoms (Table S5). As for 

the charge distribution in the systems established, it is noted that electron density is transferred 

from the metal atom to the nearest C atoms of the surface. Hence, the charge disturbance caused 

by the metal decays within the radius of the second neighbors relative to the atomic location 

(Table S6).

4. Conclusions

In summary, high-quality CNT-based nanocomposites (NCs) incorporating various metal 

nanoparticles (NPs) were synthesised via a simple, cost-effective chemical co-precipitation 

method, demonstrating remarkable potential for multifunctional applications such as oxygen 

evolution reaction (OER), supercapacitors (SC), and the degradation of organic pollutants. 

Comprehensive structural, interfacial, and morphological analyses were conducted using 

advanced microscopic and spectroscopic techniques. Among the synthesised nanocomposites, 

the K7 NCs exhibited exceptional OER activity, delivering a current density of 50 mA/cm² at 

an overpotential of 382 mV in 1 M KOH. Supercapacitor performance was systematically 

evaluated across all catalysts, with specific capacitance values recorded as follows: 838 F g⁻¹ 

for K1, 500 F g⁻¹ for K2, 912 F g⁻¹ for K3, 1085 F g⁻¹ for K4, 1116 F g⁻¹ for K5, 1086 F g⁻¹ 
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for K6, and a peak high specific capacitance value of 1451 F g⁻¹ for K7. Furthermore, under 

visible-light irradiation, the K7 NC exhibits excellent photocatalytic performance, efficiently 

degrading the pharmaceutical pollutants ciprofloxacin (CIP) and diclofenac (DIC). The 

nanocomposite achieves photodegradation efficiencies of 98.5% for CIP and 86% for DIC 

within 2 hours. The remarkable multifunctionality of the CNT–Ni–Cu–Ag nanocomposites, 

reflected in their superior electrochemical and photocatalytic behaviour, highlights their strong 

potential for practical applications in both energy storage and environmental remediation. In 

addition, their scalable, rapid, and cost-effective synthesis further strengthens their promise as 

advanced materials for next-generation energy and environmental technologies.
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