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Reduced graphene oxide (rGO)-assisted microwave (MW) synthesis of metal-oxide-based binary and ternary nanocomposites has

recently gained considerable research attention. In this context, the current work demonstrates a facile rGO-supported solid-state

MW synthetic route for fabricating a ternary nanocomposite of VO,, Fe;03, and rGO. Here, the MW irradiation for 90 s was found

to be suitable for the reduction and exfoliation of graphite oxide to form rGO, the reduction of V,0s5 to form VO, and the forma-

tion of Fe,O3 from ferrocene. X-ray diffraction and X-ray photoelectron spectroscopy analyses confirm the formation of distinct

metal oxides in the presence of rGO. Furthermore, the morphological analysis reveals the deposition of Fe,O3 nanoparticles and

VO, nanorods on the 2D rGO surface. Notably, the ternary composite displayed good magnetic properties for its potential biomedi-

cal applications. Overall, this work explores an efficient and cost-effective synthetic approach for developing graphene-based mag-

netic nanocomposites.

Introduction

Graphene-based materials have been significantly explored in
various fields of materials science due to their unique physical
and chemical characteristics [1-4]. The special arrangement of
carbon materials in a honeycomb fashion enabled this special
class of materials to exhibit desirable characteristics, such as en-
hanced electrical conductivity, higher mechanical strength,
elevated surface area, and high thermal and chemical stability.
Owing to such improved characteristics, graphene materials, in-

cluding their derivatives, are broadly explored for miscella-

neous applications, such as energy storage/conversion, EMI
shielding, biosensing, optoelectronics, robotics, flexible elec-
tronics, paint industries, textile industries, biomedical devices
[5-7]. To be specific, the innovation of graphene unlocked a
new era in the field of materials science.

The synthetic approaches of graphene materials including

graphene quantum dots, graphene oxide, and reduced graphene

oxide (rGO) can be categorized into two classes: top-down and
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bottom-up processes. The top-down approaches are found to be
comparatively simpler and cost-effective compared to the
bottom-up processes. Among the top-down approaches, the
microwave (MW)-assisted exfoliation process of synthesizing
graphene materials and related nanocomposites (NCs) has
gained noteworthy research attention in recent times [8,9]. For
synthesizing binary and ternary NCs of graphene materials,
several conventional approaches, such as sol—gel, hydrothermal/
solvothermal, calcination/thermal annealing, chemical vapor
deposition, liquid-phase exfoliation, and freeze-drying have
been reported. However, the MW-assisted synthetic approaches
are found to be superior to these approaches due to lesser time
consumption and the lack of sophisticated instrumentation. In
this aspect, Kumar et al. demonstrated a facile MW-assisted
synthetic route for the perforation and decoration of Pd nano-
particles (NPs) on rGO sheets [10]. The resultant NC displayed
its potential for supercapacitor applications. In another work,
Mn3;04 nanograins-intercalated rGO NC was synthesized
through the MW-assisted hydrothermal approach, which
showed superior oxygen reduction reaction (ORR) activity [11].
Aside from the oxides, mixed metal sulfides are likewise re-
ported to be combined with graphene by applying MW irradia-
tion for certain time intervals. In this context, Zhang et al. re-
ported the synthesis of Ni-Co sulfide/graphene NC through MW
irradiation at a power of 1000 W for 60 s [12]. As a supercapac-
itor (SC) electrode, the MW-synthesized NC displayed a specif-
ic capacitance of 710 F/g.

The MW-assisted approaches have been further explored for the
synthesis of binary NCs based on rGO and iron oxides. In one
of our earlier reports, such an MW irradiation-based approach
was adopted to synthesize Fe,O3/rGO NC, using hemin as the
precursor. Owing to its 3D network structure, the NC displayed
good electrochemical performance as the SC electrode [13]. In
another work, Kumar et al. reported the MW-assisted synthesis
of Fe304/rGO NC using FeCl; aqueous salt as the precursor
[14]. Ferrocene, an Fe-based organometallic compound, was
also utilized as the precursor for developing NCs of iron oxide
and graphene through the MW route. For example, Kumar et al.
demonstrated the MW-assisted rapid synthesis of a ternary NC
based on rGO, carbon nanotubes, and Fe;O4 NPs, using ferro-
cene as the Fe-containing precursor [15]. The NC exhibited its
potential to be used for EMI shielding applications.

Inspired by previous research findings, the current article aims
to produce a ternary NC based on rGO, VO, and Fe;O3 using
ultrafast MW irradiation. The applied MW irradiation of only
90 s was found to be beneficial for reducing as well as exfoli-
ating graphite oxide to form rGO. At the same time, the ap-
proach was also able to convert V,05 to form VO, and synthe-

size Fe,O3 from ferrocene. The structure and properties of the
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NC were examined through various characterization techniques.
Lastly, the magnetic properties of Fe-containing ternary NCs

were also evaluated for their possible biomedical applications.

Experimental

Materials

Vanadium (V) oxide (V,05) powder and ferrocene were pur-
chased from Alfa Aesar. The other chemicals used for the syn-
thesis of graphite oxide, such as conc. sulfuric acid (H,SOy),
hydrogen peroxide (H,O,), conc. hydrochloric acid (HCl),
potassium chlorate (KC10O3), conc. nitric acid (HNO3), and
ethanol were obtained from Duksan Pure Chemicals Co. Ltd.
Graphite powder was supplied by Sigma-Aldrich.

Instrumentation and characterization

techniques

The “PANalytical, X Pert-PRO MPD” instrument (Cu Ka line;
A = 1.5406 A) was utilized to carry out the XRD analyses of
rGO and the NCs. The Raman spectra of rGO and the related
NCs were recorded through the “XploRA plus HORIBA”
instrument with a laser excitation of 532 nm. Additionally, the
surface analysis was performed using X-ray photoelectron spec-
troscopy measurements (XPS, Thermofisher Scientific) func-
tioning at 12 kV and 6.50 mA using an Al Ka. The morpholo-
gies and elemental analyses of rGO and the NCs were analyzed
through scanning electron microscopy (SEM, Hitachi, S-4800).
The structural analysis of these fabricated NCs was examined
using high-resolution transmission electron microscopy
(HRTEM, FEI Tecnai G2 F20). Furthermore, the magnetic
properties of the NCs were evaluated using a vibrating-sample
magnetometer (VSM, LakeShore (8604)).

Microwave synthesis of reduced graphene

oxide

Following a previous report, graphite powder was initially
oxidized to form graphite oxide to synthesize rGO through MW
irradiation [16]. In the next step, 200 mg of the graphite oxide
was MW irradiated at 700 W for 90 s in a MW oven. It is im-
portant to note that the MW process happened in the solid
phase. The reduction and exfoliation of graphite oxide to form
the rGO occurred through the removal of oxygen functionali-
ties in the gaseous form. It is interesting to note that the ob-
tained rGO material is found to be much lighter than the graph-

ite oxide precursor.

Microwave synthesis of rGO/VOo»
nanocomposite

The solid-state MW irradiation process was followed to
synthesize the GV NC. In a typical process, initially, the
graphite oxide (100 mg) was mixed with V,05 powder

(100 mg) in a mortar pestle. In the next step, the mixed powder
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was MW irradiated at a power of 700 W for 90 s to obtain the
GV NC.

Microwave synthesis of rGO/VOo/FesO3

nanocomposite

The ternary NC was synthesized following a similar solid-state
MW irradiation process. It is important to note that ferrocene
was used as the precursor for the iron oxide. In a typical
process, graphite oxide (100 mg), V,05 powder (50 mg), and
ferrocene (50 mg) were thoroughly mixed in a mortar pestle.
Finally, the mixed powder was MW irradiated at a power of
700 W for 90 s to synthesize the ternary GVF.

Results and Discussion

The NC based on rGO, VO,, and Fe,03 was synthesized
through a cost-effective, ultrafast MW route. As shown in
Figure 1, the graphite powder was initially oxidized through a
chemical synthetic route to form graphite oxide. In the next
step, the MW irradiation of constant power for a fixed time
duration was applied to form the NC. It is evident that the NCs
of Fe,O3 and graphene materials are usually synthesized
through hydrothermal/solvothermal processes.

In this aspect, a comparative study of a few ternary NCs based
on Fe;O3 and graphene materials is shown in Table 1. Most of
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the reported synthetic processes are composed of multiple steps,
are time-consuming, and utilize higher temperatures. Com-
pared to these approaches, the adopted synthetic route has the
advantages of less time and energy consumption. Moreover, the
solid-state MW irradiation was conducted inside the MW oven
at room temperature. Furthermore, most of the reported works
are based on synthesizing Fe,O3 from Fe-based aqueous salt in
liquid phases. In contrast, the current work demonstrates the
formation of Fe;O3 from a Fe-based organometallic compound,

ferrocene.

Herein, the graphite oxide was utilized as an MW susceptor,
which deliberately absorbed the MW irradiation and generated
heat. The generation of heat was caused by the interaction of
oxygen functionalities with the MW irradiation. The produced
heat was capable enough for the conversion of V,05 and ferro-
cene to form the corresponding oxides, which eventually
dispersed on the surface of the graphene sheets. In the mean-
time, the graphite oxide was reduced and exfoliated to form
rGO. The oxygen functionalities present in the graphite oxide
were partially removed from the reaction system in the form of
gases (e.g., CO,, CO) [25]. On the other hand, the remaining
oxygen-containing functional groups on the graphene surface
acted as a good support for the attachment of metal oxide NPs
on the graphene surface. It is important to note that the resul-

Graphite

Step -1

Chemical oxidation

Microwave Irradiation

Microwave Power: 700 W
Duration: 90 s

‘ VO, nanorods

@ Fe,0O; nanoparticles

/

rGO/VO,/Fe, 0, nanocomposite (GVF)

Figure 1: Schematics of the synthetic approach of GVF NC.
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Table 1: Comparative study of the reaction conditions of a few ternary NCs based on Fe,O3 and rGO.

Nanocomposite (NC) Fe Precursor Synthetic approach Conversion time for Conversion Ref.
iron oxide temperature for iron
oxide
graphene/Fe>Og/polyaniline FeCly-4H,0 hydrothermal + in 10h 180 °C [17]
situ polymerization
rGO/Fex03/Sn0Oo FeCl3-6H,0 hydrothermal + 4 h (hydrothermal) 120 °C [18]
thermal annealing 1 h (thermal 400 °C
annealing)
FeoO3/NiO/rGO ferric nitrate hydrothermal + MW 5 h (hydrothermal) 180 °C [19]
heating 10 min (MW) 700 °C
C3Ny4/Feo03/Vo05 FeCl3-6H,0 stirring + 5 h (stirring) 60 °C (stirring) [20]
hydrothermal + 12 h (hydrothermal) 160 °C
thermal annealing 2 h (annealing) (hydrothermal)
500 °C (annealing)
C3Ny/FeoOs/graphene aerogel FeCls-6H20 stirring + 5 h (stirring) 80 °C (stirring) [21]
hydrothermal + 12 h (hydrothermal) 180 °C
freeze drying (hydrothermal)
rGO/FesOs/polyindole Fe(NO3)3-9H,0 hydrothermal + MW 24 h (hydrothermal) 180 °C [22]
irradiation 3 min (MW (hydrothermal)
irradiation)
C3Ny/TizCo/Fes03 FeClz-6H-0 solvothermal 12h 180 °C [23]
C3Ny4/Feo03/CdS FeClz-6H-0 calcination 4h 400 °C [24]
rGO/VO./Fes0O3 ferrocene MW irradiation 90s room temperature  this work

tant rGO was found to be much lighter than the graphite oxide
precursor, which can be ascribed to significant exfoliation of the
graphite oxide to form the rGO. Figure 2 schematically summa-
rizes the effects of MW irradiation on the mixed powder of
graphite oxide and metal oxide precursors.

The short-life MW irradiation was also successful in converting
V,05 to VO,. This type of phase change of this metal oxide is
generally implemented through a few approaches, including
annealing, sol-gel process, hydrothermal process, vapor trans-

port method. However, such approaches are time consuming

[26-28]. In this context, the ultrafast reduction of V,05 to VO,
through the MW route is highly beneficial. On the other hand,
the formation and dispersion of Fe,O3 NPs on the rGO surface
through the decomposition of ferrocene followed a similar
mechanism, as discussed in a previous report [29]. Upon MW
irradiation, the Fe molecules were oxidized to form Fe,O3 and
deposited on rGO surfaces through substantial interactions.

To confirm the formation of the ternary NC, the XRD analysis
of the GVF was performed. As shown in Figure 3a, the charac-

teristic peaks of GVF corresponding to the a phase of Fe,0O3

1o

V. V.
0” Mo~ o
Graphite oxide

Microwave Irradiation

LI

Ultrafast process
Simple approach

Low consumption
of power and
energy

Reduction of graphite oxide

[mF W4 Exfoliation of graphite oxide
90s | i

4 Reduction of V,05 to form VO,

Formation of Fe,O5 from ferrocene

N

Deposition of metal oxide on rGO surfa

Figure 2: Schematics representing the effects of MW irradiation on the mixed powder of graphite oxide, V2Os, and ferrocene.

924



Beilstein J. Nanotechnol. 2025, 16, 921-932.

'S 5
(a) T‘.S = o (b) S
@
= S
s s
2 2
(7] [72])
 — c
3 9 =
£ £ <
10 20 30 40 50 6 70 10 20 30 40 50 60 70
2 Theta (Degree) 2 Theta (Degree)
G G
—GVv
(c) D —_GVE (d)
D

5 El
s s
2 2
(7] /2]
§ g 2D
€ 2D g

500 1000 1500 2000 2500 500 1000 1500 2000 2500

Raman Shift (cm_1)

Raman Shift (cm_1)

Figure 3: XRD patterns of (a) GV and GVF, (b) rGO; Raman spectra of (c) GV and GVF, and (d) rGO.

and VO, along with the signature peak of rGO were observed.
To be specific, the peaks at the diffraction angles of 24.4°,
33.5°,49.8°, 54.4°, 62.8°, and 64.4° indicate the (012), (104),
(024), (116), (214), and (300) planes of Fe,O3, respectively
(JCPDS Card No. 79-0007) [30]. On the other hand, the high-
intensity peak at the diffraction angle of 26.5° represents the
characteristic (002) plane of rGO. Notably, other high-intensity
peaks at 20 = 30.6° and 36° could be assigned to the (220) and
(311) planes of Fe30y, respectively, according to the JCPDS
card no. 65-3107 [31]. The presence of such peaks could be
accounted for the partial formation of the Fe;04 phase of iron
oxide while oxidizing ferrocene alongside Fe3Oy4, which is
formed as a major iron oxide component during the MW irradi-
ation process. Nevertheless, the XRD pattern of the GV demon-
strates the characteristic peaks of VO,, according to the JCPDS
card no. 01-072-0514 [32]. Specifically, the peaks at the diffrac-
tion angle of 20.4°, 28°, 33.5°, 37.2°, 42.3°, 45.8°, 55.5°, 57.6°,
and 65.2° can be ascribed to the characteristic (100), (011),
(-102), (200), (210), (021), (220), (022), and (031) planes of
VO,. The characteristic peak of the (002) plane of rGO is also
exhibited in the diffraction pattern of GV. It is important to note
that the diffraction pattern of GVF also displays a few charac-
teristic peaks of VO, with smaller intensity values, indicating

its minimal presence in the formed GVF. Additionally, slight
shifting of the peak position of individual components in the
NCs is an indication of interaction between them. For a compar-
ative study, the XRD pattern of MW-synthesized rGO is shown
in Figure 3b. As shown, the high-intensity peak at the diffrac-
tion angle of 26.5° corresponds to the (002) plane, and the low-
intensity peak at the diffraction angle of 44.2° represents the
(102) plane of graphene [33-35]. The presence of rGO in the
GV and GVF was further confirmed by the Raman spectra
(Figure 3c). As shown, the peaks at ~1350 and ~1580 cm™! cor-
respond to the characteristic D and G bands of graphene. Inter-
estingly, minor changes in the peak positions of these two char-
acteristic peaks indicate the alteration of the components in the
NCs. The formation of defects is a prime characteristic of the
MW synthesis of graphene materials. The implementation of
MW irradiation generates an enormous amount of heat, which
further creates structural defects and disorders in the graphene
structure. The intensity ratio of the D and G bands (Ip/Ig ratio)
was calculated to evaluate the defects in the NCs. For GV, the
Ip/lg ratio is found to be 0.44. However, the ratio is increased
to 0.88 for GVF NC. Such a significant enhancement in the
Ip/Ig ratio indicates that the introduction of Fe-based compo-

nents caused more disorder and defects in the carbon structure
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[36]. Furthermore, the peak at ~2700 cm™! represents the char-
acteristic 2D band of graphene. The Raman pattern of rGO
represents such characteristic D band at ~1343 cm™!, G band at
~1582.4 cm™!, and 2D band at #2690 cm™!, respectively
(Figure 3d). It is interesting to note that, while GV displays a
lower value, GVF displays a higher Ip/Ig ratio than that of rGO
(0.79). Notably, the induction of defects in graphene structures
through NC formation generally leads to improved magnetic
properties [37-39]. Therefore, the GVF is expected to display
enhanced magnetic characteristics owing to the induction of
higher defects and the presence of a-Fe,03.

Figure 4a,b represents FESEM images of rGO at low and high
magnifications. As shown, the morphological analyses repre-
sent the wavy-like networks of rGO nanosheets, demonstrating
the exfoliation of graphene sheets. On the other hand, the SEM
micrograph of GVF demonstrates the dispersion of the nanorods
of VO; and NPs on Fep;O3 on the graphene surface
(Figure 4c,d). It is important to note that the morphological
analysis of GVF displays a porous nature, which is also favor-
able for demonstrating improved magnetic characteristics due to
alterations in the electronic structure. To further comprehend
the elemental composition of GVF, the elemental analysis was
also performed, and the corresponding elemental distribution

Fe,04
nanoparticles on
rGO surface

Beilstein J. Nanotechnol. 2025, 16, 921-932.

and EDX spectrum are shown in Figure 5a,b. The SEM image
displays a wide-range distribution of metal oxide components
on the graphene surface. Furthermore, the corresponding
elemental mapping demonstrates a uniform distribution of C, O,
V, and Fe elements, which could be accounted for the presence
of VO, and iron oxide phases. Additionally, the EDX spectrum
also confirms the presence of these elements.

For a comparative study, the morphological analysis of the GV
was performed, and the corresponding FESEM images are
shown in Figure 6a—c. As shown in the SEM micrographs, at
various magnifications, the spherical-shaped VO, particles are
covered on the graphene surfaces. Notably, such spherical parti-
cles of the metal oxides are also deposited on the edges of the
graphene sheets (Figure 6d). The corresponding elemental
mapping further demonstrates the presence of elements such as
V, O, and C in the GV (Figure 6e-h). Additionally, the EDX
spectrum also confirms the presence of these elements in the
NC (Figure 6i).

Further, to understand the surface electronic arrangement of the
elements present in GVF, XPS analysis was performed.
Figure 7a represents the survey spectrum, which confirms the
presence of V, Fe, and O (derived from the metal oxide counter-

Wa\:ryi n’étlw“qr.k. of
rGQ hanosh :

Figure 4: FESEM images of (a, b) rGO and (c, d) GVF NC at lower and higher magnifications.
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Weigh Atomic%
52.78
20.21
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12.37

Figure 5: EDX analysis of GVF NC: (a) SEM image (scale bar — 50 pym), (b) EDX spectrum, and the corresponding elemental mapping showing the
distribution of C, O, V, and Fe.

Figure 6: Morphology analysis of GV: (a—c) SEM images at lower and higher magnifications; (d—h) SEM image (scale bar — 5 pm) and corresponding
elemental mapping displaying the uniform distribution of V, O, and C elements; (i) EDX spectrum.
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Figure 7: XPS analysis of GVF NC: (a) survey spectrum; high-resolution spectra of (b) V 2p, (c) Fe 2p, (d) O 1s, and (e) C 1s.

parts), along with the C element (derived from rGO). The data
thus obtained was in coherence with the reported results from
XRD and EDX analysis. Additionally, the high-resolution XPS
spectrum of V 2p designates two major peaks at 516.5 and
523.3 eV, which can be ascribed to the V 2p3,» and V 2py», re-
spectively (Figure 7b) [40]. On the other hand, the high-resolu-

tion XPS spectrum of Fe 2p reveals two XPS peaks centered at
~710.8 and ~724.5 eV, which correspond to Fe 2p3,, and Fe
2p1 levels, respectively (Figure 7c). It is noteworthy to
mention that the weak satellite peak at ~719.5 eV indicates the
formation of iron oxide in the form of Fe,Oj3, rather than its

other counterparts [41]. The deconvolution of O 1s results in the
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formation of two major peaks at =530 and ~531.6 eV
(Figure 7d). While the peak at 530 eV can be designated to the
metal-oxygen (M—-O) bond, the other peak at ~531.6 eV could
be assigned to C=0 of rGO. Additionally, the high-resolution
XPS spectrum of C 1s represents a major peak at 284.5 eV, cor-
responding to the C=C/C-C bond, and a minor peak at 284 eV
corresponding to the C—H bond of rGO (Figure 7e). Therefore,
XPS analysis confirms the presence of distinct metal oxides and
rGO in the GVF.

10.nm

25

Fe,0, NPs

(e)

8.1+2.2 nm

Frequency (%)

4 12

6 8 10 14
Particle diameter (nm)

16
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The detailed structure of the GVF was monitored by HRTEM
analysis. The corresponding images are shown in Figure 8a—f.
As shown in Figure 8a, the rGO nanosheets are found to be
transparent and thin in nature. In the magnified HRTEM image,
an agglomerated dispersion of Fe;O3 NPs and VO, nano-
spheres (NSs) was visible on the thin rGO surfaces. Notably, a
clear difference between the size of Fe,O3 NPs (average parti-
cle diameter — 8.1 = 2.2 nm) and VO, NSs (average particle di-
ameter — 34 + 5.2 nm) indicates the formation of these two dif-

i

] VO, NSs 34+5.2 nm

(f)

-

-
=3

Frequency (%)

N

30 35 40
Particle diameter (nm)

Figure 8: HRTEM analysis of GVF NC: (a, b) HRTEM images at low and high magnifications; (¢, d) HRTEM images with corresponding FFT images;

(e, f) average particle diameter of FeoO3 NPs and VO2 NSs.
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ferent types of metal oxides on top of the rGO nanosheets
(Figure 8e,f). Furthermore, the FFT analysis displays three
planes with the d-spacing of 0.163, 0.227, and 0.327 nm, corre-
sponding to the (220) plane of VO,, (110) plane of Fe;O3, and
(002) plane of rGO, respectively (Figure 8c,d). Overall, the
detailed HRTEM analysis of GVF reveals the existence of two
types of metal oxide on the rGO surface, which agrees with the
previous SEM, XRD, and XPS analysis.

The magnetic properties of the GVF investigated at room tem-
perature under an applied magnetic field ranging from
—6000 Oe to 6000 Oe is shown in Figure 9. Herein, the satura-
tion magnetization (Ms) value for GVF is reported to be
2.5 emu/g with a magnetic retentivity (Mrs) of 0.45 emu/g and
coercivity of 141 Oe. Furthermore, it is speculated that the mag-
netic property in the case of GVF originates mostly from
a-Fe,03, with rGO being weakly magnetic and VO, being a
non-magnetic material [42-45]. The presence of magnetic be-
havior in GVF further promotes the occurrence of iron oxide
nanoparticles. Moreover, the low magnetic moment of GVF
compared to that of native a-Fe,O3 nanoparticles (mostly syn-
thesized through the Fe-based aqueous salt) could account for
the low levels of a-FeyO3 formed during the MW-assisted syn-
thesis process while using ferrocene as the precursor. Addition-
ally, it is to be noted that the formation of a-Fe,O3 nanoparti-
cles in GVF originates from the Fe in the precursor (ferrocene).
To further increase the magnetic behavior of GVF, the amount
of precursor should be increased, which would result in a higher
concentration of a-Fe,O3 nanoparticles. These composites
could be applied in many areas of biomedicine, including
contrast agents for MR imaging, cancer theragnostics, and

tissue engineering.
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Figure 9: Magnetic properties of GVF NC: Room-temperature M-H
curve (VSM).
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Conclusion

In conclusion, a ternary NC consisting of a-Fe,03, VO,, and
rGO was successfully synthesized through a simple, efficient,
and low-cost MW approach. Compared to the reported synthe-
tic approaches, the current technique is found to be beneficial in
terms of time efficiency and cost-effectiveness. The synthe-
sized NC was characterized through various techniques, includ-
ing XRD, Raman, and XPS analyses. The morphological study
revealed the deposition of a-Fe,O3 NPs and VO, nanorods on
the rGO surface. Owing to the presence of magnetic compo-
nents, the ternary NC displayed good magnetic characteristics at
room temperature to showcase its potentiality in advanced bio-
logical applications. Further optimization of MW power and
other reaction conditions can improve the characteristics of the
composite, which could be the future prospects of the current
work. Lastly, the current work opens a new door for synthe-
sizing magnetic composites based on graphene materials along
with metal oxides.
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Abstract

Herein, biowaste- (from Pongammia pinnata leaves) derived carbon dots (CDs) have been utilized as a mediator for the production
of silver nanoparticles (PG-CDs-AgNPs) as a superior supercapacitor electrode. The methodology presented here is inexpensive
and environmentally friendly as CDs play a role as capping, reducing, and stabilizing agent without addition of any chemicals.
PG-CDs-AgNPs showed a particle size of 10 nm having excellent fluorescence emission in the blue region, and it has been
explored as an electrode material for supercapacitor applications. The as-synthesized PG-CDs-AgNPs electrode exhibited the
maximum specific capacitance of 540 F/g in a three-electrode study. The asymmetric supercapacitor (ASC) device with PG-CDs-
AgNPs as the positive electrode reached the maximum specific capacitance of 200 F/g having a superior energy density of
71 W-h/kg at 1.5 A/g. Even at a high current density of 4 A/g, the ASC device reached a specific capacitance of 175 F/g, rein-
forcing its capability. The method described here provides a straightforward green approach towards biowaste-derived CD-medi-

ated synthesis of AgNPs to produce efficient supercapacitor electrodes for energy storing.
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Introduction

The extensive usage of fossil fuels is a result from the rising
demand for energy. However, the use of fossil fuels is not
sufficient to attend the energy demand. Therefore, a notable
research focus has been given to advancements in renewable
energy storage systems. Secondary batteries and supercapaci-
tors are promising alternatives for energy storage applications
[1,2]. Through the electrostatic polarization of electrolyte
solutions, supercapacitor devices store charge across the
electric double layers [3]. Supercapacitors are highly sought-
after energy storage devices, as their high power density,
ultrastability, and rapid charge—discharge capability render
them irreplaceable by traditional metal-ion batteries [4].
Typically, the functioning of supercapacitors involves
two different kinds of charge-storing mechanisms: pseudoca-
pacitance and electric double-layer capacitance (EDLC) [5].
The reversible redox processes are the primary charge-storage
mechanism for pseudocapacitors [6]. Even though the capaci-
tance value of pseudocapacitors is theoretically very high, it is
often followed by poor stability and an inferior specific energy
density. This is due to the poor conducting nature, slow redox
kinetics, as well as structural collapse which occurs throughout
the redox progression [7]. EDLCs are able to provide desired
stability, superior power density, quick charge/discharge
capacity, and an outstanding retention rate. Nanocarbons are the
appropriate candidates for EDLCs due to their high surface
charge-storage ability and high conductivity [8-10]. The devel-
opment of electrode materials with an efficient EDLC and
pseudocapacitor properties is essential [11,12]. The cost-
effective production of efficient electrode materials for superca-
pacitors is also very important. Researchers are exploring a
wide range of new and affordable electrode materials, while
maintaining the superior power and energy density. In this
work, we have synthesized cost-effective carbon-dot- (CD)
mediated silver nanoparticles (AgNPs) for supercapacitor elec-
trodes.

AgNPs have garnered substantial interest due to their capacity
to effectively facilitate biological, optical, chemical, electrical,
and industrial applications [13,14]. AgNPs are widely utilized
in electrochemical energy storage applications given their
exceptional chemical durability, high electronic conductivity,
and surface chemical characteristics. Due to these characteris-
tics, AgNPs possess the capacity to function as the electrode
material for supercapacitors. Numerous reports have also shown
that AgNPs actively improve the electrochemical characteris-
tics of different electrode materials. Salve et al. reported a
noteworthy charge-storing capacity of 367.16 mF/cm? of the
synthesized hybrid material, PGE/AgNPs/CS (pencil
graphite electrodes/silver nanoparticles/chitosan) [15].

Lokhande et al. reached a specific capacitance (SC) of 424 F/g

Beilstein J. Nanotechnol. 2025, 16, 933-943.

for the Kimchi cabbage extract mediated AgNPs [16]. The en-
hanced performance was credited to the fact that the AgNPs
were smaller, which meant that there was a bigger surface
area for operative conducting pathways. Nevertheless, chemi-
cal reduction of Ag is extremely hazardous and can be
dangerous to humans and the environment [17]. Hence, safer
nontoxic methods for the production of AgNPs are in high

demand.

Green chemistry emphasizes the use of nontoxic chemicals and
production pathways for environmental safety. Motivated by
these approaches, researchers have synthesized AgNPs utilizing
green synthetic strategies which incorporate the utilization of
plant extracts as reducing agents and stabilizing agents instead
of traditional synthetic reducing agents such as NaBHy4 [16].
Eclipta alba, aloe vera, mint, and Corchorous olitorious are
some of the plant extracts that have been selected as environ-
mentally friendly reducing agents so far. However, the majority
of these methods produce less stable and bigger particles,
limiting their practical applicability and requiring more raw ma-
terials. CDs have a carbon core and surface functional groups
which give them remarkable chemical and photophysical fea-
tures, such as photostability, minimal toxicity, and tunable lu-
minescence [18,19]. A significant number of studies has been
carried out for developing CDs from inexpensive natural
resources in many ways, which are also environment friendly.
Instead of chemical precursors, plant materials such as mint,
coriander, aloe, banana peel, and lemon were used to prepare
carbon nanodots [20-24]. CDs have been recognized as green,
effective agents for reducing metal ions to metal nanoparticles
[25].

In this work, we focused on a green and facile synthetic way
for the production of AgNPs utilizing CDs as reducing
agent derived from Pongamia pinnata (P. pinnata) leaves.
The novel aspect of this work is that a comprehensive
green approach is verified throughout the process, starting
with the choice of the CD precursor. The disadvantages
of earlier research in this area include the need for a high
reaction temperature and a drawn-out reaction process.
However, this methodology does not involve any of these
factors. The CDs have a dual behavior as it acts as a stabilizing
and a reducing agent, resulting in the production of AgNPs
with good water stability. The combination of EDLC-type CDs
with pseudocapacitive AgNPs affords superior capacitive
performance and stability, which are important for supercapac-
itor electrodes. The overall methodology along with the optical
and electrochemical charge-storing performance have been
schematically depicted in Supporting Information File 1,
Scheme S1.
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Experimental
Materials

All reagents of analytical grade were used for the experimental
procedures. The details about all the chemicals are covered in
Supporting Information File 1, section S1.

Synthesis of carbon dots from Pongamia

pinnata leaves (PG-CDs)

For the synthesis of PG-CDs, 100 g of Pongamia pinnata leaves
powder was taken into 1 L of water and stirred for 15 min at
60 °C on a magnetic stirrer. Procedures for the preparation of
Pongamia pinnata leaves powder are discussed in Supporting
Information File 1, section S1. Then, it was filtered by a
Whatman filter paper and the extract was collected and placed
on a magnetic stirrer with a sand bath maintained at 120 °C for
24 h. The color of the solution changed from orange to brown
confirming the reaction progresses. After that, it was left alone
until the reaction solution reached room temperature. Centrifu-
gation was conducted for 5 min at 3000 rpm, followed by
syringe filtration (0.22 pM) to discard larger agglomerated par-
ticles. Finally, the clear brown solution of PG-CDs was then

kept in a refrigerator for additional experiments.

Synthesis of carbon-dot-mediated silver

nanoparticles (PG-CDs-AgNPs)

The method for synthesizing AgNPs employing PG-CDs as
both the reducing and stabilizing agents is as follows. PG-CDs-
AgNPs were synthesized by adding the PG-CDs solution to
1 mM AgNOs in 1:10 V/V ratio in 100 mL of distilled water.
The reaction was kept at room temperature undisturbed. The
color changing from brown to dark brownish black confirmed
the synthesis of PG-CDs-AgNP within 2 h. After 2 h of reac-
tion, the sample was collected for UV—vis studies. The UV—-vis
spectra were also implemented at 12 and 24 h, respectively. The
growth and the formation of PG-CDs-AgNP were recorded by
using UV-vis spectroscopy.

Supporting Information File 1, section S1 contains the details of

the material characterization techniques.

Results and Discussion

Plant extract-mediated production of nanoparticles from noble
metal precursors are well reported. In the present work, waste
P. pinnata leaf-derived CDs was utilized for the reduction of
Ag* to AgNPs. The efficient reduction of Ag(I) to Ag(0) at
optimal concentrations of CDs confirmed the successful pro-
duction of AgNPs from silver nitrate (AgNO3). The adding of a
small amount of PG-CDs to a 0.1 mM AgNOj solution (i.e, 1:9)
produced AgNPs, as evidenced from the progressive color
change of the solution as shown by surface plasmon resonance
(SPR).

Beilstein J. Nanotechnol. 2025, 16, 933-943.

Structural and morphological analysis

The optical properties of PG-CDs and PG-CDs-AgNPs were
studied using UV-visible spectroscopy and photoluminescence
(PL) spectroscopy. An absorption peak at 275 nm was visual-
ized in the UV-visible absorption spectrum of the PG-CDs,
which is represented in Figure 1a. This peak might be accred-
ited to the m—r* transition of conjugated (Csp2=Cyp2) aromatic
domain of the PG-CDs [24]. Under the ultraviolet illuminator
(365 nm), the brownish/red aqueous solution of the PG-CDs
exhibited intense blue fluorescence (inset in Figure 1a), indicat-
ing the successful formation and photoluminescent nature of
CDs. The formation of PG-CDs-AgNPs in the nanoscale is
established by UV-visible spectroscopy by the appearance of
SPR peaks at 475 nm [26]. The gradual emergence of absorp-
tion bands of PG-CDs-AgNPs was acquired at various time
intervals to study the production and growth of nanoparticles
over time. The gradual growth of PG-CDs-AgNPs has been
checked and depicted in Figure 1b. The SPR peak was noticed
within 2 h of reaction with PG-CDs, with a visible change in
color of the solution to brownish black. The gradual increase in
the peak intensity without any spectral shift of absorption
maxima (Ap,x) suggests that with increasing reaction time
uniform-size stable nanoparticles were formed [27]. The excita-
tion—wavelength-dependent emission spectra of the as-synthe-
sized PG-CDs-AgNPs were recorded. As the excitation wave-
length rises from 250 to 370 nm, the PL emission intensity
gradually rises and the maximum PL emission intensity
(430 nm) was attained at the excitation wavelength of 340 nm
as displayed in Figure 1c. Figure 1d displays the excitation and
emission contour map of PG-CDs-AgNPs, which suggests the
PL emission in the blue range.

The crystalline nature of the PG-CDs-AgNPs was established
from the X-ray diffraction pattern. Figure 2a displays an XRD
pattern of the PG-CDs-AgNPs synthesized via PG-CDs medi-
ated reduction. According to the XRD pattern, the phase com-
position could be classified according to the face-centered cubic
structure of silver. The XRD spectrum showed that the formed
PG-CDs-AgNPs were nanocrystals, as confirmed by the peaks
at 20 ~ 28.20°, 32.66°, 38.61°, 46.60°, and 57.86°. These Bragg
diffraction peaks are equivalent to the (110), (111), (121),
(200), and (311) planes, which can be seen in the face-centered
cubic structure of silver [28,29]. The XRD analysis of the
PG-CDs-AgNPs produced via PG-CDs mediated reduction
resembles the crystalline phase as referenced by (JCPDS File
No. 84-0713) data [30].

Furthermore, the XPS analysis was implemented to study the
elemental composition of PG-CDs-AgNPs and the correspond-
ing chemical interaction between PG-CDs and AgNPs, as
depicted in Figure 2b—d. As illustrated in Figure 2b, XPS total
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Figure 1: (a) UV-visible absorption spectrum of PG-CDs (the inset shows the digital photographic image of PG-CDs under the UV-illuminator).
(b) UV—visible absorption spectra of PG-CDs-AgNPs at different time intervals. (c) Excitation—emission PL spectra of PG-CDs-AgNPs.

(d) Excitation—emission contour map of PG-CDs-AgNPs.

survey profile of the PG-CDs-AgNPs is composed of carbon
and silver elements, with binding energies of 285 and 368 eV,
respectively. The high-resolution individual elemental XPS
spectra of C 1s and Ag 3d are exhibited in Figure 2c—d. As
shown in Figure 2d, the C 1s spectrum of the PG-CDs-AgNPs
composite exhibited four primary peaks at binding energies of
282.9, 285.3, 287.1, and 288.5 eV. These peaks could be
ascribed to the C—C (sp3)/C=C (sp?), C-0, C=0, and O-C=0
groups, respectively [31]. In addition, the Ag 3d spectra
(Figure 2¢) of PG-CDs-AgNPs exhibited two characteristic
peaks at binding energies of 368.7 and 374.6 eV equivalent to
Ag 3ds; and Ag 3djp, respectively [32]. It has been reported
that the difference between the two peaks was around 6 eV,
which indicates that silver was present in the PG-CDs-AgNPs
in the form of nanoparticles of zero-valent silver [33]. There-
fore, the XPS results proved that the PG-CDs-AgNPs were suc-
cessfully synthesized. Additionally, CDs triggered the reduc-
tion of Ag* to Ag(0) via oxygen-containing functionalities on
their surfaces. The electrostatic attraction between the oxygen-
containing functionalities on the surface of CDs binds with the

positively charged Ag* ions, which were then reduced by elec-

tron transfer from PG-CDs to the Ag™ ions [27]. The catechol
moiety present in PG-CDs can form chelation with Ag* ions.
The Ag* having a very high oxidation potential can easily be
reduced to Ag(0) with concomitant oxidation of catechol to
quinones. The quinones that are simultaneously created stabi-
lize the AgNPs which are formed when the as-formed Ag(0)
atoms in the reaction mixture collide with one another. This has
been confirmed by the C 1s spectrum of CDs. The C-O group
peak showed a decrease in intensity while the C=0 group peak
showed an increase in Figure 2d. This suggests that during the
formation of the PG-CDs-AgNPs, the C-O groups on the sur-
face of the CDs were oxidized and converted to C=0 groups
[34]. The mechanism for the production of PG-CDs-AgNPs has

been illustrated in Figure 3.

The surface area of the supercapacitor electrode material is an
important feature that can aid in surface charge storage. The
specific surface area of the PG-CDs-AgNPs was determined
using the Brunauer—Emmett-Teller (BET) analysis via the N;
adsorption—desorption method, and equivalent BET isotherms

are depicted in Supporting Information File 1, Figure S1a. The
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surface area of PG-CDs-AgNPs was found to be 83.04 m%/g. A
uniform nanoscale particle distribution of PG-CDs-AgNPs was
responsible for the enhanced surface area [35]. The pore size
distribution plot of PG-CDs-AgNPs suggests the mesoporous
characteristics (Supporting Information File 1, Figure S1b),
which, via the diffusion of electrolyte ions, is highly efficient
for electrochemical charge storage.

The size distribution, morphology, and crystallinity of PG-CDs-
AgNPs were further characterized by SEM and TEM analysis.
The SEM image of PG-CDs-AgNPs (Supporting Information
File 1, Figure S2a) reveals that PG-CDs-AgNPs possess spheri-
cal and distorted spherical structure. Supporting Information
File 1, Figure S2b depicts the EDX mapping of PG-CDs-
AgNPs, which proves the existence of Ag, C, and O in
PG-CDs-AgNPs, and the atomic weight percentage (%) of the
corresponding elements are given in the inset table (Supporting
Information File 1, Figure S2b). The elemental mapping analy-
sis for the PG-CDs-AgNPs proves the existence of O, C, and
Ag (Supporting Information File 1, Figure S2c—e). Figure 4a—c
displays TEM images of PG-CDs-AgNPs with different scale
bars exhibiting that the particles are spherical and uniformly
distributed. Figure 4d is the HR-TEM image of PG-CDs-

Beilstein J. Nanotechnol. 2025, 16, 933—-943.

AgNPs, exhibiting a well-resolved lattice spacing of 0.24 nm
equivalent to (111) lattice planes of silver [36]. The clear visible
lattice fringe indicates that the particles are crystalline. The av-
erage particle size distribution histogram depicted that the diam-
eter of PG-CDs-AgNPs were approximately 9-10 nm, as
depicted in Figure 4e. The narrowness of the average particle
size distribution plot was well supported by the uniform parti-
cle size distribution shown in TEM images. Figure 4f is the
selected area electron diffraction (SAED) pattern of PG-CDs-
AgNPs, exhibiting a ring-like diffraction pattern indicating
crystalline nature. The ring-like diffraction suggests the (111)
plane. The symmetry in the diffraction spots indicates that the
spherical particles possess a high degree of crystallinity. Thus,
both the SAED pattern and HRTEM image suggest that the syn-
thesized spherical PG-CDs-AgNPs are nanocrystals.

Electrochemical properties of the

synthesized electrode

Three-electrode analysis

Firstly, utilizing a three-electrode configuration in an aqueous
electrolyte (1 M aqueous KCl), the electrochemical properties
(capacitive characteristics, charge transportation, and charging/
discharging) of PG-CDs-AgNPs were examined within a

Particle count

Particle diameter (nm)

Figure 4: TEM images (a—c) of PG-CDs-AgNPs; (d) HRTEM image of PG-CDs-AgNPs, (e) average particle size distribution histogram, and (f) SEAD

patterns PG-CDs-AgNPs.
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0-0.8 V potential window. Aqueous (aq.) electrolytes are inex-
pensive, readily accessible, and environmentally benign. In this
case, KCl (aq.) is neutral and contains small-sized, highly
mobile K* and CI~ ions. These ions should be easier to reach in
order to optimize the electrochemical activity, which can then
optimize the capacitive response. Supporting Information
File 1, section S1 contains the details of the electrochemical

characterization techniques.

Figure 5a depicts the CV plot of PG-CDs-AgNPs electrode at
various scan rates (5-200 mV/s). It is evident through the
PG-CDs-AgNPs CV graph that as the scan rates are increased,
the current densities rise owing to the quicker diffusion kinetics
on the electrode surface [37]. A lower scan rate means that the
entire voltammogram takes longer to complete than a high scan
rate. At low scan rates, diffusion layers extend further from the
electrode surface, resulting in reduced electrode flux compared
to that of higher scan rates. This occurs because current densi-
ties are influenced by the rate of scanning [37]. The higher cur-
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rent density at 200 mV/s suggests that, at this specific scan rate,
the ion transport rate and the reactions for the interfacial charge
storing are possible. The good capacitive characteristics and
faster reversible electrochemical reactions of the electrode are
also indicated by the comparable cyclic voltammogram at high
scan speeds. Electric double-layer capacitance, not pseudoca-
pacitance, is the main charge-storage mechanism for PG-CDs-
AgNPs, as evidenced by the quasi-rectangular CV profile [38].
The electrochemistry of any electrode material is purposefully
controlled by the composition of the electrolyte. Since KCl1 is
used as a neutral electrolyte, PG-CDs-AgNPs exhibit capaci-
tive behavior through a surface-charge-storing EDLC-type
mechanism. Given the low charge density of K* ions, which
facilitates its access to the electrode during the electrochemical
reaction, it may be concluded that this occurrence may have an
impact on the performance of the electrochemical reaction. The
deintercalation and intercalation of electrolyte ions on the sur-
face of electrode, the efficient dispersion of electrolyte ions
within the pores of PG-CDs-AgNPs and on their surface, and
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Figure 5: Electrochemical analysis of PG-CDs-AgNPs in 1 M aq. KCI using a three-electrode set-up: (a) CV plots of PG-CDs-AgNPs at various scan
rates (5-200 mV/s), (b) GCD analysis of PG-CDs-AgNPs at various current densities, (c) SC as a function of current density of CDs-AgNPs electrode
at various current densities, and (d) Nyquist graph of PG-CDs-AgNPs electrode.
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the high mobility of cations and anions within the electrolyte
are the three mechanisms that allow PG-CDs-AgNPs to store

charge during electrochemical reactions.

In order to ascertain the SC of PG-CDs-AgNPs, the galvanostat-
ic charge/discharge (GCD) experiment was further imple-
mented within the potential window of 0-0.8 V using the simi-
lar electrolyte and electrode configurations as the CV test
(Figure 5b). The symmetric GCD profiles of PG-CDs-AgNPs
demonstrate the neutral reversibility of the electrolyte and
predominant EDLC behavior during the charge—discharge
progression. Additionally, the GCD analysis showed that
PG-CDs-AgNPs had 100% coulombic efficiency. Supporting
Information File 1, Equation S1 was considered to measure the
SC from the discharge time obtained from the GCD measure-
ment. Higher SCs are demonstrated by electrode materials with
longer discharge durations. At 2 A/g, the obtained SC for
PG-CDs-AgNPs was found to be 540 F/g. Figure Sc exempli-
fies plots of the current density as a function of SC of PG-CDs-
AgNPs at multiple current densities. Due to its superior rate
capability at a high current density of 7 A/g, this electrode even
had a decent SC of 350 F/g. Only around 35% of the initial SC
is lost by the PG-CDs-AgNPs at a high current density. With
respect to time, the electrolyte ions stimulated the electrode ma-
terial, which was responsible for the decent rate capability and
superior capacity of the PG-CDs-AgNPs electrode.

To evaluate the capability of charge carrying within the elec-
trode and the capacitive property of PG-CDs-AgNPs, electro-
chemical impedance spectroscopy (EIS) measurements were
also implemented. The Nyquist plots of the PG-CDs-AgNPs are
displayed in Figure 5d. The charge-transfer resistance (R;) in
the high-frequency range is indicated by the semicircle diame-
ter [39,40]. How facile electrons or ions can be moved throug-
hout the electrode and electrolyte—electrode system is shown by
the R [39,40]. The straight line in the low-frequency range of
the EIS graphic describes the capacitive properties [37]. The
equivalent series resistance (Rgsr), which is often generated
from the ohmic and interfacial resistance of the electrolyte and
electrode, respectively, is designated by the intersection of the
semicircle on the real axis [37,41]. The minimal interfacial
resistance is confirmed by the PG-CDs-AgNPs reduced Rgsr
value. Easy electrolyte ion transport through highly conducting
CDs is the primary cause of the decreased Rggr and R for
PG-CDs-AgNPs. Above all, the fact that the straight line in the
case of PG-CDs-AgNPs has a greater slope suggests that these
particles have optimal supercapacitive properties and electro-
chemical activity. In the three-electrode investigation, PG-CDs-
AgNPs showed better electrochemical activity overall in terms
of capacitive performance, charge-transfer activity, and dis-

charge time.
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Electrochemical analysis of the asymmetric
supercapacitor device in a 1 M TEABF4/DMSO
organic electrolyte

Electrochemical evaluations attributed that in the three-elec-
trode configuration, the PG-CDs-AgNPs electrode possessed
superior electrochemical activity. Thus, utilizing carbon black
(CB) as the negative electrode and PG-CDs-AgNPs as the posi-
tive electrode, an ASC device was built for real-time applica-
tion. Supporting Information File 1, section S2 covers the
device assembly processes. A figure of the ASC device is
portrayed in Figure 6a. All electrochemical activities of the
supercapacitor device were evaluated using 1 M TEABF,/
DMSO, an organic electrolyte. The consistent operating poten-
tial window of the electrolyte is crucial for an electrochemical
device. The overpotential of water limits the stable functioning
voltages of aqueous electrolytes to about 1.0 V, despite the fact
that they are readily available, easy to handle, and environmen-
tally friendly. Organic electrolytes, on the other hand, provide
larger potential windows for electrochemical devices. The
organic electrolyte 1 M TEABF4/DMSO can provide a stable
working potential window. Due to its strong polarity and decent
ionic mobility, TEABF4/DMSO may be helpful in maximizing
the electrochemical activity.

Comprehensive electrochemical experiments, such as cyclic
stability, EIS, GCD, and CV evaluations, were conducted on the
ASC device. A CV test (Figure 6b) of the ASC device was first
performed at a fixed scan rate of 50 mV/s with changing the
voltage windows (up to 1.8 V). This showed that the features of
the CV curve did not expressively deviate in the organic elec-
trolyte when the potential limits were varied from 1.0 to 1.8 V.
The CV experiment shows that the ASC was functioning within
the range of 0 to 1.8 V, which is the maximum stable operating
potential. The CV profiles of the device are shown in Figure 6¢
at various scan rates (20-500 mV/s) within the 0-1.8 V
maximum voltage limit. The areas and current responses of the
cyclic voltammograms rose with an increasing scan rate, simi-
lar to the three-electrode investigation, due to the faster diffu-
sion kinetics on the surface of the electrode. At high scan rates
(such as 500 mV/s), there was no discernible diversion of the
features of the CV profiles. The current responsiveness of the
device was adequate even at a 20 mV/s scan rate. For real-time
applications, the capacitive effectiveness of PG-CDs-AgNPs as
an ASC electrode shows enormous promise. The largest
pseudocapacitance contribution of the PG-CDs-AgNPs elec-
trode was indicated by the CV graphs, which considerably
diverged from their true rectangular shape. In order to deter-
mine the SC of the device, a GCD analysis was also carried out
at various potential limitations (1.0-1.6 V); Figure 6d shows the
GCD plots. The operating voltage limit was accompanied by an

improvement in both the energy density (ED) and SC. Addition-
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Figure 6: (a) Schematic image of the ASC device using PG-CDs-AgNPs and CB as positive and negative electrodes, respectively. In the organic
electrolyte, the electrochemical evaluations of the ASC device are: (b) CV analysis in different voltage limits at 50 mV/s, (c) CV analysis at different
scan rates (20-500 mV/s) within 0—1.8 V, (d) GCD plots in various potential limits at 1.5 A/g, (e) GCD profiles at various current densities (1.5-4 A/g)
within 0-1.6 V, (f) SC as a function of current density graph of the ASC device, (g) Ragone plot, (h) cyclic stability and coulombic efficiency plot, and

(i) before and after cyclic stability Nyquist plots.

ally, when the current density increased, the GCD plot features
did not change (Figure 6e). Figure 6f demonstrates the current
density as a function of SC of the ASC device at multiple cur-
rent densities. The ASC reached the maximum SC of 200 F/g,
while the maximum ED was 71 W-h/kg at 1.5 A/g in the
organic electrolyte. The SC of 175 F/g was demonstrated by the
ASC device even at a high current density of 4 A/g, confirming
the required rate capacity of the PG-CDs-AgNPs-based ASC.
Only around 12.5% of the initial SC was lost by the PG-CDs-
AgNPs at a high current density. A suitable rate capability and
decent electrochemical activities are ascribed to the contribu-
tion from pseudocapacitance and EDLC and the synergistic
involvement of CDs and Ag NPs. The small IR drop seen by the
ASC device indicates that all of the electrode capacitance is
present within the operational voltage. Figure 6g illustrates the
Ragone plot of the device which achieved the maximum ED of
71 W-h/kg. The ASC device also showed the highest power

density (PD) of 6400 W/kg, while sustaining 62 W-h/kg ED.
The stability of this ASC device over 10,000 GCD cycles was
also assessed. After the accomplishment of 10,000 GCD cycles,
the ASC showed ~87% SC retention (Figure 6h). The capaci-
tance retention of the device improved over the first 4000 cycles
as the electrolyte ions gradually permeated the electrode pores,
activating both the anode and cathode materials. A slight
decline in the capacitance retention was primarily attributed to
the progressive mechanical deformation of the electrode materi-
al and the partial detachment of active materials from the cur-
rent collectors. The cyclic stability of the PG-CDs-AgNPs
nanohybrid as the positive electrode for ASC has also been
compared with similar types of electrodes, as summarized in
Supporting Information File 1, Table S1. The Coulombic effi-
ciency of the device was also measured up to 10000 cycles and
the device exhibited almost 100% of coulombic efficiency.

Following the cyclic stability test, the EIS analysis was also
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performed. The Nyquist plots of the device before and after
stability tests are presented in Figure 6i. Before the cyclic
stability test, the Rggr value of this ASC was found to be 2.6 Q.
However, the Rggg value was increased to 3.2 Q after the
stability test, and this is mostly owing to the deformation and
degradation of the electrode material during the electrochemi-
cal progression.

Conclusion

A green synthetic method was successfully adopted for the pro-
duction of AgNPs using CDs produced from waste biomass as a
stabilizing and reducing agent. The TEM analysis showed that
the produced PG-CDs-AgNPs have more uniform surfaces and
spherical shapes with an average particle size of 10—11 nm. The
synthesized PG-CD-AgNPs are crystalline with CDs support,
confirmed by SEAD patterns and XRD. The synthesized
PG-CDs-AgNPs electrode showed a maximum SC value of
540 F/g at 1 A/g in the three-electrode system. Besides, the
ASC device constructed with PG-CDs-AgNPs reached a decent
energy density of 71 W-h/kg with ~87% retention of SC after
10,000 GCD cycles. Decent electrochemical properties of
PG-CDs-AgNPs confirm that PG-CDs-AgNPs could be a prom-
ising contender for energy storage devices.

Supporting Information

Supporting Information File 1

Experimental procedures including materials details and
characterizations; Schematic representation; BET isotherm
and pore size distribution plot; SEM, EDX, and elemental
mapping of PG-CDs-AgNPs; ASC device fabrication
method; Table for the comparison of cyclic stability.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-71-S1.pdf]
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Graphene oxide (GO) is expected to be one of the most promising adsorbents for metal ions, including radioactive nuclides in

aqueous solutions. Large-area and single-layer graphene oxide (SLGO) grown on a-Al,03(0001) was used as a model structure of
GO since the aggregation and re-stacking of the GO sheets prevent the adequate analysis of the adsorption state. The SLGO film
was obtained by oxidizing monolayer graphene grown by metal-free chemical vapor deposition on the a-Al,03(0001) surface, and

the adsorption state was determined by surface analytical techniques. It was clarified that Cs adsorbs on oxygen functional groups

by substituting with H atoms from carboxyl and hydroxy groups. It is also estimated that the weight adsorption capacity of SLGO

in the 1.0 mol/L-Cs aqueous solution is as much as approximately 70 wt %. It has been demonstrated that GO has great potential to

be a promising adsorbent for Cs in aqueous solutions.

Introduction

Graphene oxide (GO) is oxidized graphene and its surface and
periphery are partially modified by epoxy, hydroxy, and
carboxy functional groups [1,2]. GO can be thinned to a mono-
layer of one carbon atom and has a high level of water affinity.
Consequently, GO can be expected to have a wide range of ap-
plications, such as primers, thermally conductive materials,

transparent electrodes, and adsorbent materials [3-13]. GO is

typically synthesized by oxidizing graphite. Several methods
have been reported, including the Broadie and Hummers
methods, contingent upon the oxidizing agent employed
[8,14,15]. GO possesses the ultimate large surface area, low-
cost production, and high chemical stability. Therefore, GO has
a potential prospect to be an efficient adsorbent for metal ions

from aqueous solutions. In order to realize its application use, it
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is necessary to form large-area GO films with well-controlled
thickness. However, the conventional methods for the fabrica-
tion of such tailored GO films present considerable challenges.
Conventionally, GO films are obtained by a drop-casting tech-
nique, wherein GO flakes dispersed in a solvent are cast onto a
substrate [16,17]. This technique does not allow for the control
of number of layers.

Consequently, studies have been conducted to synthesize large-
area and single-layer GO (SLGO) films. As mentioned above,
GO films have typically been fabricated through casting small
pieces of GO flakes onto a substrate. In this study, the SLGO
film was synthesized by oxidizing single-layer graphene (SLG)
grown by metal-free chemical vapor deposition (CVD) on a
a-Al,O3(0001) substrate. The strong interface interaction be-
tween SLG and a-Al,03(0001) can minimize peeling off of
SLG from the a-Al,03(0001) substrate following the oxidation
process [18]. This allows us to obtain a large-area SLGO film,
which can then be subjected to evaluation of the adsorption

properties.

Subsequent to the synthesis of SLGO/a-Al,03(0001), further
studies were conducted into its adsorption properties. A signifi-
cant accident at a nuclear facility can result in the release of
substantial amounts of radioactive cesium (Cs) and strontium
(Sr) into the environment [19,20]. The development of a
method for reducing the volume of these radioactive waste is
imperative. Cs and Sr exhibit strong adsorption to particles of
rocks and soils, resulting in their water insolubility and substan-
tial volume. A viable method for the disposal of radioactive
waste is the application of an acid treatment, which has been
demonstrated to be effective in the efficient separation of
radioactive Cs contaminants from rocks and soils [21]. The re-
sulting solution is a substantial quantity of low-level radioac-
tive treated water. Therefore, the adsorbent needs to possesses
high-adsorption performance, a rapid reaction rate, and cost-
effectiveness in production. Romanchuk et al. have demon-
strated that GO is effective in the removal of actinides from
nuclear wastewaters [8]. However, the adsorbing mechanism of
metal ions to the GO surface, such as adsorption sites, remains
to be elucidated. It has been demonstrated that GO tends to
aggregate during the process of metal ion adsorption [8], which
complicates the evaluation of GO using surface analytical tech-
niques. The SLGO film synthesized in this study is adhered to
the a-Al,03(0001) surface, which prevents GO aggregation and
multilayer stacking. It is expected that this will enable detailed
evaluation of Cs adsorption on GO.

In this study, the SLGO surface after Cs adsorption was
analyzed by surface analytical tools. This enabled us to eluci-

date the adsorbing sites and electronic state of Cs on SLGO.

Beilstein J. Nanotechnol. 2025, 16, 1082—1087.

Additionally, we examined the electronic structure of Cs
adsorbed on SLGO in several different solutions with pH values
of 4, 7, and 9. Both the electronic structure and the normalized
amount of Cs adsorbates were dependent on the pH scale. These
fundamental aspects provide us important information for
developing new adsorbent materials using GO.

Results and Discussion
Large-area and single-layer graphene oxide
growth

Figure 1 shows an atomic force microscopy (AFM) image of
SLG and SLGO on a-Al,03(0001) substrates. The as-grown
SLG film has an atomically flat surface and wrinkles with its
height less than 0.4 nm [18]. The single layer of graphene was
confirmed through X-ray photoelectron spectroscopy (XPS)
peak intensity analysis and profiles of normal-incidence X-ray
standing wave (NIXSW) spectroscopy [18]. In the SLGO film,
the wrinkles disappeared and the surface roughness increased.
The root mean square surface roughness (RMS) of the SLGO
film is estimated to be less than 0.13 nm. The changes of the
local structure are confirmed by Raman spectroscopy measure-
ments. Figure 2 shows two sets of the Raman spectra of SLG
and SLGO. In SLG/a-Al,03(0001), four prominent peaks are
identified, which are assigned to the D band (around
1355 cm™!), G band (around 1585 cm™1), 2D band (around
2700 cm™!), and D+G band (around 2900 cm™!). The presence
of intense D and D+G peaks is indicative of the existence of
graphene film disorder. This phenomenon can be attributed to
the reduced size of the graphene grains that are produced at
lower growth temperatures [18]. Following the oxidation
process, a broadening of all peaks is observed, accompanied by
a substantial decrease in the intensity of the 2D band. These al-

terations are attributed to the presence of defects and a decline

o | [ £z e f\ ,
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Figure 1: AFM images of (a) SLG/a-Al,O3(0001) and (b) SLGO/a-
Al,03(0001).

1083



© 2D p+G

gt

1000 1200 1400 1600 1800 2400 2600 2800 3000 3200
Raman shift (cm'1)

Intensity (arb.unit)

Figure 2: Two sets of Raman spectra from SLG/x-AloO3(0001) (upper)
and SLGO/a-Al,03(0001) (lower).

in crystallinity, which is associated with the attachment of
oxygen functional groups. These spectral features were consis-

tent with the findings reported in [22].

At the same time, the significant changes arose after the
oxidization of SLG in the C 1s core XPS and C K-edge near-
edge X-ray absorption fine structure (NEXAFS) spectra.
Figure 3a shows C 1s XPS spectra of SLG and SLGO. In SLG,
an intense peak is observed at 283.4 eV. The C 1s XPS spectra
of SLG/a-Al,03(0001) is shifted to the lower binding energies
by 1.0 eV compared with that of graphite (284.4 eV) [23]. This
is due to p-type doping of SLG associated with a strong electro-
static interaction between SLG and the a-Al,03(0001) at the
interface [18]. In SLGO, on the other hand, a broad structure

Intensity (arb.unit)
Intensity (arb.unit)

SLG

P RS U SRS NSRS n n n
292 288 284 280 284 286 288 290
Binding energy (eV) Photon energy (eV)

Figure 3: (a) C 1s core level XPS and (b) polarization dependence of
C K-edge NEXAFS spectra of SLG/a-Al,O3(0001) (lower) and SLGO/
a-Alp03(0001) (upper) The incident angles of photon beams from the
surface are 90° (red) and 30° (blue), respectively.
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arose in the higher binding energy region of the intense peak.
The structure is originated from the introduction of the oxygen
functional groups such as hydroxy and carbonyl groups [24]. It
can be reasonably considered that the introduction of the local
structures in SLGO causes the relaxation of the interfacial
strains and the disappearance of wrinkles as seen in Figure 1b.
Figure 3b shows the C K-edge NEXAFS spectra of SLG and
SLGO. Two peaks P1 and P2 are observed at 285.4 eV and
287.5 eV. These peaks are assigned to the C 1s to 7%(C=C) and
to 0*(C-H) transitions, respectively [25]. The intensity of P1 at
the grazing incidence is much larger than that at the normal
incidence. This indicates that the graphene sheet is parallel to
the substrate surface. Two additional small features arose in
SLGO; 287.1 eV (P3) and 288.4 eV (P4). These are assigned to
C 1s to m*(C-OH) and to 0*(C=0) transitions, respectively [26-
28]. It is also found that P3 and P4 show no X-ray incident
angle dependence, which suggests that oxygen functional
groups attached to graphene have no particular orientation dis-
tribution.

Cs adsorption

The electronic structure of Cs-adsorbed SLGO was also ob-
served by employing NEXAFS. Figure 4a shows the O K-edge
NEXAFS spectra of the a-Al,O3(0001) substrate and SLGO/a-
Al,03(0001). A pronounced structure is observed at around 540
eV. This structure is originated from the Al-O in the
a-Al,03(0001) substrate [29,30]. After the SLGO growth, a
small shoulder arises in the lower photon energies. Spectral
analysis of this structure shown in Figure 4b indicates that the
shoulder consists of two components; Pgl (531.6 eV) and P2
(534.4 eV). These are assigned to m*(O=C from the carboxyl
groups) and 0*(O-H from the hydroxyl groups), respectively
[23]. It is found that the intensity of P2 shows an incident
angle dependence (i.e., the peak intensity measured at the
grazing incidence is slightly larger than that at the normal inci-
dence). This indicates that the O—H bond is oriented roughly
along the normal direction to the substrate. In the O K-edge
spectrum of Cs-adsorbed SLGO shown in Figure 4c, a new
component appears at the photon energies between Pgl and
Po2; Pp3 (532.7 V). As detailed in the following section, Cs
has been found to be adsorbed on oxygen functional groups
through the process of ion exchange. Consequently, it can be
inferred that Pp3 is associated with the O—Cs bonds. It should
be noted that the intensity of Pg3 measured at grazing inci-
dence is slightly larger than that at normal incidence. This indi-
cates that the O—Cs bond tends to be oriented along the normal
direction to the SLGO sheet.

For the purpose of elucidating the adsorbing mechanism of the

Cs atoms to the SLGO sheet, we investigated the electronic

structure and chemical properties of adsorbed Cs by changing
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Figure 4: (a) O K-edge NEXAFS of a-Alx03(0001) (black) and SLGO/a-Al,O3(0001) (red). (b) and (c) Polarization dependence of O K-edge NEXAFS
of SLGO/a-Al>,03(0001) and Cs-adsorbed SLGO/a-Al,O3(0001), respectively. The incident angles of the photon beams from the surface are 90°

(black), 55° (red), and 30° (green), respectively.

the pH level of the Cs aqueous solutions. Figure 5 shows Cs 3d
XPS spectra of Cs-adsorbed SLGO under three different pH
values. No energy shift was observed among these spectra. This
indicates that the chemical state of adsorbed Cs is identical

regardless of the pH value. In contrast, it should be noted that

Intensity (arb.unit)

Binding energy (eV)

Figure 5: Cs 3d core level XPS spectra of Cs-adsorbed SLGO from
various CsCl solutions with different pH values (pH 4, 7, and 9).

the capacity of the Cs adsorption significantly increases with an
increasing pH value. It has been reported that the oxygen func-
tional groups in GO have dissociation constants pK = 4.3, 6.6,
and 9.8 [31]. It can be considered that Cs adsorbs on the oxygen
functional groups through a mechanism of ion exchange. This
process involves the substitution of H atoms from oxygen func-
tional groups, such as carboxyl and hydroxy groups, with Cs
atoms. It can therefore be surmised that the ability of SLGO for
the Cs adsorption is significantly decreased in strong acid
aqueous solutions due to the suppression of hydrogen dissocia-
tion from oxygen functional groups in SLGO. It is claimed that
the pH value of the aqueous solution should be maintained at
neutrality and/or alkalinity for the efficient Cs adsorption by
SLGO. With regard to the quantitative analysis, it is also noted
that SLGO shows high adsorption capacity of Cs. That is, the
weight adsorption capacity in the CsCl solution with pH 7 is
estimated to be 650-850 mg Cs per 1 g SLGO, which corre-
sponds to 70 wt %, from the XPS analysis based on the peak in-
tensity ratio between C 1s and Cs 3d. This value is consider-
ably higher than that of existing adsorbents, including zeolite
(189 mg-g™1) [32-34]. GO is comprised of light elements, which

results in a significantly high calculated adsorption capacity.

Conclusion

In this study, the synthesis of the large-area SLGO film was
accomplished through the oxidation of CVD-grown SLG/a-
Al,0O3(0001). We found that the change in the electronic state

from graphene to GO is attributed to oxidation. This was
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accompanied by the decrease of the #*(C=C) state and the ap-
pearance of states derived from oxygen functional groups.
Subsequently, the adsorption mechanism of Cs on GO was in-
vestigated using SLGO/a-Al,03(0001) as the model structure.
It was found that Cs adsorbs on SLGO by the substitution of H
from oxygen functional groups, such as carboxyl and hydroxy
groups. It was also indicated that SLGO shows the high Cs
adsorption capacity of 650-850 mg-g~! in the 1.0 mol/L-Cs
aqueous solution. SLGO adsorbs Cs via hydrogen exchange, re-
sulting in an accelerated adsorption rate and a higher weight
adsorption capacity compared to existing adsorbents, including
zeolites. Consequently, SLGO was demonstrated to be a prom-
ising adsorbent. As SLGO grown on a-Al,03(0001) exhibits
stable adhesion to the substrate and possess a large surface area,
we are interested in exploring a broad spectrum of potential ap-
plications. These applications may include sensing materials
and primers in addition to adsorbents, which could be investi-
gated in future research.

Experimental
Growth of SLGO on a-Al>O3(0001)

SLGO was grown by a method analogous to [35]. Before
synthesizing SLGO, SLG was grown on an a-Al,O3(0001) sub-
strate (size: 10 x 10 mm?, thickness: 430 um). The substrate
was annealed at 900 °C in open air in order to obtain an atomi-
cally flat surface. Then, the substrate was introduced into a
vacuum furnace. The base pressure of the furnace was
6 x 107 Pa. After evacuating, the substrate was annealed up to
1000 °C for 1 h. For the graphene growth, a methanol vapor
was used as a precursor. The SLG was grown by introducing
200 Pa methanol vapor for 30 min [18]. The single layer of
graphene was inspected by the intensity analysis of XPS and the
profiles of NIXSW for graphene/a-Al,03(0001). After the SLG
growth, the SLG in the sample was oxidized based on the modi-
fied Hummers method [24]. The procedure was as follows: The
mixture of H,SO4 and KMnO,4 was prepared by slowly adding
KMnOy (1.8 g) into concentrated H,SO,4 (20 mL) and stirring in
the beaker. SLG/a-Al,03(0001) was dipped in the mixture for
30 s. The oxidized specimen was washed with purified water

and dried under nitrogen gas blow.

Cs adsorption

Prior to Cs adsorption, the SLGO surface was treated with
aqueous solutions which were adjusted to pH 4, 7, and 9 prior to
the adsorption of the Cs atoms. Solutions with pH values of 4
and 9 were adjusted with acetate and borate buffer solutions, re-
spectively. Then the SLGO surface was dipped into a 1.0 mol/L
CsCl solution with the same pH values. The solutions were kept
at room temperature. Both pH adjustment and CsCl solutions
were added dropwise on the SLGO surface. The volumes of the

solutions and contact times were 1 pL and 5 min, respectively.
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After Cs adsorption, the CsCl solution was removed with a
water rinse for 5 min.

Characterization

The electronic structure of Cs-adsorbed SLGO was investigat-
ed by NEXAFS. The C and O K-edge NEXAFS measurements
were carried out at the BL-8 station in the Ritsumeikan
Synchrotron Radiation Center. The partial electron-yield
method was employed to obtain the spectra. The amount of Cs
adsorption was inspected by XPS. The energy scan for XPS was
done with a VSW CLASS 100 hemispherical energy analyzer.
An Al Ka (1486.6 eV) X-ray source (PSP TX400/2) was used
for the excitation. In the XPS measurement, the CsCl solution
was removed from the SLGO surface by water rinsing and then
the Cs-adsorbed SLGO specimen was introduced in the XPS
chamber kept at ultra-high vacuum. The surface morphology of
SLGO was examined using atomic force microscopy (AFM, SII
SAP300).
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Abstract

Herein we point out critical yet often overlooked barriers restraining the real-world impact and commercial viability of nanomateri-
als research. In spite of decades of scientific progress, nanotechnology remains underutilized in public-facing applications. A major
issue is the limited engagement of leading tech industries in developing nanotechnology-based products, prompting concerns about
tangible societal and industrial outcomes. Far away, funding challenges, the field is hindered by fragmented regulations, ambiguous
safety guidelines designed for bulk materials, and the absence of globally harmonized standards. These systemic limitations,
coupled with persistent misconceptions, have stalled translation from lab to market. In contrast to numerous productive technolo-
gies like generative Al, machine learning, and related progress, nanotechnology has not achieved autonomous societal integration.
The author argues that without a unified, transparent, and science-driven global regulatory framework, the transformative potential
of nanotechnology will remain unrealized, despite over decades of excellent discoveries. This perspective calls for carefully consid-
erations linked to productivity perception, true funding utility, and foundational reform to unlock nanotechnology’s full promise
across sectors.

Perspective

Atom-by-atom innovation

The historical creation of nanomaterials and their applications is  remarkable works and historical examples are well documented
much older than often assumed and has long been a subject of  and discussed in the literature [1-3]. But the true turning point
debate. It would be wrong to believe that nanomaterials have for nanoscience came in 1959, when physicist Richard

been utilized only within the last century. In fact, several Feynman delivered his seminal lecture, “There’s Plenty of
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Room at the Bottom”, at the annual meeting of the American
Physical Society at Caltech, USA. This lecture provided a
visionary perspective that inspired generations of researchers
and greatly accelerated systematic investigations in producing
and exploiting nanoscale materials. Although it took decades
for technology to catch up with his ideas, his foresight cata-
lyzed a profound shift in the way scientists approached the ma-
terial world. What was once philosophical became increasingly
feasible and eventually tangible. Since then, various aspects of
nanoscience and nanotechnology have evolved, ranging from
the examination of unique nanostructures, nanoscale characteri-
zation, metrology to nanoelectronics, nanophotonics,
nanobiotechnology, nanomedicine, nanofabrication, and
nanomanufacturing [4,5]. These new developments catalyzed
the initiation of numerous new experimental and theoretical
areas in different branches of science and engineering. Impor-
tantly, all of these studies are directly related to the creation of
nanomaterials aimed at delivering much higher efficiency for
specific applications compared to their conventional counter-
parts. In this way, progress in nanomaterial research has seen a
remarkable acceleration after the discovery of fullerene by
Kroto and co-workers in 1985 and witnessed an even more
rapid surge following the discovery of graphene and the award
of the Physics Nobel Prize in 2010 [6,7].

Graphene is often referred to as a “wonder material” due to its
seemingly infinite potential in almost every domain of science
and technology [8]. Its exceptional thermo-mechanical proper-
ties are ideal for critical sectors such as aerospace, medicine,
space exploration, textiles, construction, and materials capable
of operating from cryogenic temperatures up to beyond 2000 °C
[8,9]. Similarly, other 2D nanomaterials, such as elemental 2D
materials (e.g., borophene, phosphorene, and silicene), transi-
tion metal dichalcogenides (e.g., MoS;, WS,, and NbSe)), tran-
sition metal oxides (e.g., MnO,, Fe;03, and Ni(OH), nano-
sheets), MXenes (e.g., Ti3Cy, TiC, and TaysCs), 2D halides
(e.g., Crls, Nily, and FeCl,), 2D nitrides (e.g., BCN), 2D transi-
tion metal nitrides(e.g., MoN, TiyN3, and GaN) [10], 2D
carbides (e.g., a-CpN and B,C), 2D perovskites (e.g.,
(BA),Pbly), and 2D metal-organic frameworks have also shown
extraordinary promise. These nanosystems exhibit exceptional
physical and chemical properties, with electronic and quantum
mechanical behaviors that continue to surprise the scientific
community [11]. Researchers are continuously developing and
reporting new nanomaterials with unique properties tailored for
diverse applications. Thus, the properties of materials once
considered impossible are now accessible for real-world techno-
logical applications. In addition, nanoscience has initiated
several new areas in fundamental physics and molecular dy-
namics, representing a profound scientific achievement of the

21st century [12]. It is noteworthy that these developments have
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strongly reinforced extensive collaborative and multidiscipli-
nary research efforts around the world. Thus, at present,
chemists, physicists, biologists, engineers, and computer scien-
tists are working more closely together than ever before to
design, synthesize, and apply nanosystems. Authors consider
this to be one of the most important achievements in the history
of science. The influence of nanomaterials research goes
beyond academic curiosity. It has triggered the evolution of
microscopic and analytical techniques to visualize matter at
unprecedented spatial and temporal resolution, to the point
where we can now visualize materials at molecular and atomic
scales with unprecedented resolution. Without the demands of
nanomaterials research, such advancements in instrumentation
and methodology would likely have taken much longer to
emerge. Notably, nanomaterial research not only has expanded
the technological frontier, but has also reshaped our philosoph-
ical understanding of materials. It challenges human cognition
to imagine the real-world implications of manipulating matter
atom by atom. What was once the domain of speculative
science fiction materials that self-heal, adapt, respond, or
compute is now increasingly feasible. The boundaries between
the natural and artificial, between living and nonliving systems,
are being redefined through materials engineered at the nano-
scale. It is important to elucidate that authors do not intend a
direct comparison between nanotechnology and the fields such
as generative Al, machine learning, and related progress. The
latter areas are inherently multidisciplinary, encompassing
multiple research domains, with nanotechnology often repre-
senting only a component. Nevertheless, from a user-oriented
perspective, generative Al, machine learning, and Internet of
Things are experiencing rapid growth and receiving substantial
funding with relatively few obstacles. In contrast, nanotechnol-
ogy and nanomaterials research remains largely fundamental in
nature, which contributes to comparatively lower levels of
funding. Therefore, it would be incorrect to assume that nano-
technology has received extensive financial support and efforts
but yielded limited outputs. In reality, this perception persists
primarily within academic and industrial circles due to the
fundamental and exploratory character of nanoscience and

nanotechnology.

Commercial adoption and mass usage
remain uncertain

As discussed above, during the last three decades, extensive
work has been done in various domains of nanoscience and
nanotechnology, mainly focusing on large-scale production and
potential consumer applications. It is estimated that, globally,
investments in nanomaterials and broader nanotechnology over
this period have ranged from half a trillion to nearly one trillion
US dollars, roughly $400 billion from government sources and

a comparable amount from industry [13-15]. Moreover, on the
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basis of data indexed in Web of Science and Scopus, it is
evident that carbon nanotubes, graphene, metal oxides, quan-
tum dots, and MXenes are among the most extensively studied
and explored nanomaterials. These materials have been
researched in nearly every discipline, leading to the establish-
ment of numerous startups and companies focused on their pro-
duction, processing, and innovative applications (Table 1).
Nevertheless, in the face of such massive research efforts and
innovation, widespread application and commercialization of
these advanced materials remain limited [16]. The use of nano-
materials is largely confined to selected new technologies and
niche innovations, with very little penetration into everyday
public life. This stark gap highlights a sobering reality: Even
after decades of research and good funding, the real-world inte-
gration and due consumption of nanomaterials are still minimal.
When we compare the return on investment and impact with
other technological revolutions such as generative Al, machine
learning, Internet of Things, and related progress, nanotechnolo-
gy falls short in terms of commercial and practical outcomes. It
is understandable that nanotechnology is still an emerging field
that is inherently more exploratory in nature. In other words,
though nanomaterials research has made impressive scientific
advances, its translation into mass-market products remains
partial. Therefore, it raises a vital and valid question: Why are
heavily researched nanomaterials such as carbon nanotubes,
graphene, metal oxides, quantum dots, and MXenes still so
underutilized? Surprisingly, many of us working on nanomateri-
als often believe that materials such as graphene, quantum dots,
and MXenes are widely used in various engineering and
domestic products; however, this is a misconception. The
contribution of these new materials, even to cutting-edge tech-
nologies, currently is very little in commercial products. Over
the past 14 years of working on these new materials, collabo-
rating internationally, engaging with admired scientists and
professors, and now leading my own research group, Santosh K.
Tiwari identified a number of key reasons for underproduc-
tivity in nanotechnology. Of course, it is the author’s personal
observation, but they are grounded in data and real-world expe-

rience, mostly through discussions with industry partners.

First, if we carefully examine the educational backgrounds and
training of academics, scientists, engineers, and research
personnel working extensively in various aspects of nanotech-
nology, we find that the majority come from chemistry, physics,
materials science, and metallurgy. Very few come from other
fields such as mechanical, energy, electronics, biomedical engi-
neering, and mathematics. The experts belonging to chemistry,
physics, and metallurgy background have been exceptional at
understanding and uncovering fundamental insights into nano-
materials. They have pioneered breakthroughs and developed

most of the essential tools required to industrialize nanomateri-
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al-based products. However, they have largely not focused on
the commercialization of these advancements. As a result, only
a few companies are currently utilizing the potential of nanoma-
terials by training their workforce accordingly (Table 1). To
overcome this gap, we need globally structured and domain-
specific educational programs in nanoengineering, starting from
secondary school through to undergraduate levels. Such special-
ized courses remain extremely rare worldwide. Though it is true
that nanotechnology-related graduate degrees are offered glob-
ally, but most are either too broad or overly interdisciplinary,
which often dilutes the focus and intent of the training. Authors,
believe that engineers trained specifically in nanomaterials and
nanotechnology would become valuable assets in driving inno-
vation and entrepreneurship in this field. The authors also claim
these curricula not only be domain-specific, but also include
modules on manufacturing, entrepreneurship, and regulatory
aspects. The regulatory aspects of nanotechnology are a com-
plex issue worldwide. Collaboration between academia and
industry in the design of these programs would ensure rele-
vance. Early education from secondary school onwards can
foster interest and build a skilled workforce ready for the nano-
technology-driven future. Meanwhile, interdisciplinary
researchers can continue to push the frontiers of fundamental
knowledge and discovery.

Second, most nanotechnology-related products are found in big
tech industries (Table 1) including space, biomedicine, and agri-
culture, and do not produce instantaneous and dramatic impacts
that a nonscientific audience can easily perceive, unlike devel-
opments in Al, virtual reality, or other highly visible innova-
tions. This lack of immediate, observable transformation has
contributed to a strong perception, especially among political
leaders, policymakers, and regulatory authorities, that nanoma-
terials are more of a scientific hype than practical reality [17].
As a result, there is limited motivation among these groups to
actively promote and implement nanotechnology advances in
public domains. Instead, they tend to continue satisfying soci-
etal needs with conventional products, which appear to be
"good enough" in their view. In today’s world, there are many
political figures, such as the President of the US, Mr. Trump,
and his administration, who dismissed climate change and CO,
emissions as irrelevant. Similarly, a substantial portion of lead-
ership at various levels believes that conventional materials are
already fulfilling current demands; thus, they see no need to
engage with the complexities of adopting entirely new technolo-
gies/materials. These officials, even within universities/research
organizations, may appreciate research output in the form of
publications and patents, but when it comes to translating that
research into real-world products, they often withdraw support.
This is not necessarily due to a lack of interest in innovation and

efficiency, but rather because they are reluctant to engage in the
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Table 1: List of well-known global companies and startups driving nanomaterials, nanotechnology products, and devices. Though not exclusively
focused on nanotechnology, these organizations remain key players transitioning from conventional bulk materials toward advanced nanoscale inno-

vations.
Company Origin Known for
NVIDIA Corp USA
Intel USA
Applied Materials USA

Samsung Electronics South Korea

NVIDIA is most famous for advancing GPUs
semiconductor devices using advanced nanoscale process nodes
tools/services for nanoscale device fabrication (equipment)

nanoscale memory, quantum dots, and logic devices in consumer
electronics

guantum-dot display materials for high-end displays

nanosilica and functional additives for coatings and energy applications
nanomaterials for electronics, life sciences reagents, and display materials
quantum dot materials used in bioimaging and specialty displays

(commercial quantum-dot products)

nanocatalysts and materials for energy/catalysis applications
nanotube/nanocarbon products for energy storage and composites
nanolubricants and surface treatment products

nanoformulation medical products and devices
graphene-based products including filters and energy devices

(aluminium—air solutions)

graphene-enabled additives and composite products
photocatalytic antimicrobial coatings that work under visible light for

surfaces and touchscreens

carbon nanotubes, super-strong nanomaterials, cooperating with

universities for industry-applicable nanotechnology products

nanocoating solutions: wear resistance, corrosion resistance, adjusted

conductivity, thermal properties, coatings for automotive, medical,

Nanosys USA
Evonik Germany
Merck KGaA Germany
Nanoco UK
Umicore Belgium
NAWA Technologies France
Nanotech Industrial Canada
Solutions
Johnson & Johnson USA
Log9 Materials India
Graphmatech Sweden
Kastus Technologies Ireland
Nanjiang Group China
Naxau New Material Co. China
electronics
Imina Technologies Switzerland

rigorous and often disruptive process of establishing new poli-
cies, regulations, and frameworks required to integrate new

technologies into existing systems.

Last, almost all major big tech and engineering companies are
now well aware of the vast potential of nanomaterials. In fact,
many of them actively support and maintain internal research
and development (R&D) programs focused on various aspects
of nanomaterials. However, because their existing production
and engineering infrastructures are heavily optimized for bulk
materials, these companies are intentionally avoiding disruptive
changes in instrumentation, processing, and manufacturing
tools. Of course, the goal such tech companies are to continue
to profit from legacy systems, especially since most of their
competitors are not yet adopting nanomaterials, although these
could offer considerably better performance, sustainability,
longevity, and efficiency. The founders, CEOs, and CTOs of
such companies are strategically positioning themselves for a
future in which the adoption of nanomaterials becomes
inevitable and highly competitive. Moreover, some tech giants

are already introducing nanomaterial-based products, albeit

micro-/nano-fluidic devices used in diagnostics

very slowly, under the guise of luxury and premium branding
(Table 1). This allows them to make larger profits while gradu-
ally preparing the market. For example, Apple Inc. and
Samsung are well ahead in graphene research for electronic ap-
plications [18,19]. However, highly flexible smartphones and
advanced graphene-based devices remain limited, exclusive,
and mostly in the pipeline. Similarly, Samsung’s quantum dot-
based smart TV displays are available, but in a controlled and
exclusive manner. In essence, business strategy plays a signifi-
cant role in deliberately delaying the wide release of exception-
ally smart and efficient nanomaterial-based products. This
scenario echoes historical precedents, such as electric vehicles
that were functional in London and New York [20] as early as
1925. Initially, the oil industry effectively suppressed the
growth and innovation of EV technology to protect its own

interests.

The origin of nanomaterials is the real culprit
Nanomaterials hold immense potential, as highlighted in the
preceding discussion. Yet, it is important to note that a very sig-

nificant percentage of nanomaterials with promising applica-
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tions is synthesized in labs. In contrast, naturally occurring
nanomaterials are very inadequate in scale and, in most cases,
are not practically useful for real-world applications, especially
in the context of advanced technologies. In this regard, more
than 85% of nanomaterials synthesis and production processes
involve the use of hazardous chemicals such as hydrogen
cyanide, sulfuric acid, phosphoric acid, nitric acid, hydro-
chloric acid, sodium hydroxide and potassium hydroxide [21].
To produce nanomaterials, these chemicals are not used in trace
amounts but in substantial quantities. During synthesis, nearly
40-50% of these chemicals result in waste, which harms eco-
logical systems by contaminating water, air, and soil, even
when strict preventive measures are in place. Moreover, the
environmental pollution caused by nanomaterials after their
lifecycle, along with the chemicals used in their synthesis, is
much more hazardous; up to a thousand times more compared
to their bulk counterparts [22]. Additionally, most nanomaterial
fabrication methods are energy-intensive. Techniques such as
combustion, arc deposition, solvothermal synthesis, chemical
vapor deposition, mechanical milling, and wet chemical
methods require high energy input and careful process
control. The ultrahigh cost of equipment, especially char-
acterization tools used for nanosystems, are unavoidable chal-
lenges.

Another critical challenge is the precision required to produce
nanomaterials. The unique properties of nanomaterials arise
from controlled particle size, but achieving the desired size and
uniformity is extremely difficult, even with advanced tech-
niques. Although there are various innovative methods for pro-
ducing nanomaterials, very few can consistently deliver parti-
cles with the desired properties, even under controlled experi-
mental conditions. Therefore, after production, comprehensive
characterization of nanomaterials becomes a tedious and expen-
sive task, often more so than for advanced bulk materials. It is
indispensable to acknowledge that even after detailed character-
ization, warranting that even 90% of the nanoparticles have
uniform size and identical surface characteristics is difficult.
This is largely due to the inherent instability of 0D, 1D, and 2D
nanomaterials [23]. That is why, in most cases, nanomaterials
require a specific medium and controlled environment for
stability. In the same line, due their high surface energy, large
surface area, and small size, nanomaterials naturally tend to
aggregate, agglomerate, and self-assemble according to their
morphology. These issues cannot be fully eliminated without
external stabilization and suggestively impact their perfor-
mance in real-world applications. Furthermore, such an insta-
bility becomes more pronounced as the particle size decreases.
For instance, quantum dots are excellent nanomaterials, but
their practical application is much more challenging compared

to particles greater than 20 nm in size.
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Authors believe, at present, the scientific community has
explored numerous types of nanomaterial, including quantum
dots, and has demonstrated their potential in the lab to address
technological and societal challenges. Therefore, it is now
imperative to shift the focus towards developing green and sus-
tainable synthesis pathways. More importantly, the global
scientific community must establish standardized protocols to
maximize the positive impact of nanomaterials. These proto-
cols should go over short-sighted strategies like recycling and
usage restrictions. Similarly, to how systematic regulations exist
for human cell research or radioactive materials, nanomaterial
research must also be governed by robust guidelines to prevent
uncontrolled proliferation. Otherwise, excessive production of
nanomaterials for academic prestige and numerous hit-and-miss
experimental works without delivering meaningful benefits may
expose humanity to severe health risks, including cancer and
other life-threatening diseases [24]. We are fully aware that
enforcing such strict rules and close monitoring in nanomateri-
als research in each lab globally is not easy and may hinder
scientific inquiry too. However, the scientific community must
reflect on this challenge and work towards developing mutual
understanding. In this context, it is worth sincerely noting that
direct exposure of such chemicals (nanoscale systems) to the
environment is very poorly managed worldwide, with the
exception of a few countries, namely the UK, Germany,
Sweden, Denmark, Netherlands, and Japan. Furthermore, the
interaction of nanomaterials with biological systems remains
poorly understood and could potentially lead to fatal genetic

mutations.

Funding realities in nanotechnology research

Over the past decade, discussions at major scientific confer-
ences, in scholarly commentaries, and among policymakers
have increasingly questioned the tangible returns of decades of
investment in nanomaterials and nanotechnology research. This
skepticism is principally salient given the substantial public and
private funding committed to the field. Although it is partially
true that nanotechnology has not always met the high expecta-
tions set during the “Nano-Hype” era of the early 2000s, claims
that the field has failed to deliver are an oversimplification that
misrepresents the nature and trajectory of scientific progress.
Since the launch of flagship programs like the US national
nanotechnology initiative in 2000, cumulative global invest-
ment in nanotechnology R&D has exceeded $500 billion,
though notably less than the often-cited (and inflated) $1 tril-
lion figure [13-15]. This funding has primarily supported funda-
mental research across materials science, chemistry, physics,
and bioengineering. These efforts have led to major scientific
advances, mainly in nanoelectronics, nanomedicine, catalysis,
and energy storage. However, many of these contributions are

embedded in downstream technologies and applications that are
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not always explicitly marketed as “nanotechnology”. As a
result, their impact is often undervalued. In contrast, invest-
ment only in generative Al has surged dramatically in recent
years. As of 2024, global funding in Al including private
equity, venture capital, and governmental initiatives has
surpassed $1.5 trillion [25]. This comparison often serves to
highlight the perceived disparity in returns between generative
Al and nanotechnology. Nonetheless, such a juxtaposition over-
looks critical differences in research maturity, regulatory com-
plexity, and commercialization pathways between the two
fields.

One underappreciated aspect of nanotechnology funding is the
high percentage allocated toward building sophisticated
research infrastructure, predominantly in emerging economies.
Unlike generative Al where a large portion of funding goes
directly into product development and use, nanotechnology, still
in a growing and exploratory phase has required considerable
investment in physical infrastructure, metrology, safety proto-
cols, and specialized facilities. These investments are necessary
prerequisites for long-term innovation but can obscure short-
term output metrics. Furthermore, in many countries such as
China, India, and Brazil, some share of nanotechnology-related
funding has originated from corporate social responsibility
(CSR) initiatives, often mandated by government policy. Al-
though such funding adds to the nominal investment figures, it
is frequently used to establish buildings and institutional
branding rather than driving core scientific innovation and prod-
uct development. These CSR contributions, especially when
tied to tax benefits/political goodwill, rarely undergo rigorous
outcome-based auditing. As a result, much of the funding
appears in national and institutional reports but contributes
marginally to impactful nanotechnology outputs. A key telling
example can be seen in private universities and R&D centers
established by almost every large business conglomerate in
countries like India. These institutions often function as vehi-
cles for CSR spending and tax optimization, rather than as
centers of cutting-edge nanoscience. Indeed, they contribute to
the perception of large-scale investment in the sector, the actual
return in terms of disruptive technologies and globally competi-
tive products remains limited. This misalignment between
funding appearance and outcome necessitates a more nuanced
evaluation of nanotechnology’s yield. True progress in the field
is inherently nonlinear and requires long-term vision. Moreover,
the translational pipeline from nanoscale science to commercial
technology is complex, involving multiple layers of regulation,
safety, interdisciplinary integration, and market readiness.

Need of dedicated regulatory systems
Although experts and policymakers at various levels often ques-

tion the output and commercial viability of nanotechnology, the
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critical issue of standards and regulatory frameworks is rarely
discussed and often overlooked [26]. This oversight badly
hinders the broader public use of nanotechnology. Without
addressing this challenge, it is impossible to envision the large-
scale application of nanomaterials across technological
domains. Thus, a key barrier to the commercialization of nano-
material-based products is the absence of globally harmonized
standards and coherent regulatory frameworks. A few countries
actively engaged in nanotechnology have introduced nation-
level regulations, but these are often not recognized internation-
ally and may even vary across jurisdictions within the same
country, mainly in federal systems. This lack of uniformity
complicates cross-border commercialization and creates regula-
tory uncertainty for developers and industries [27]. What is
especially concerning is that existing regulations are frequently
adapted from frameworks originally designed for bulk materi-
als. These are inadequate for addressing the unique physico-
chemical properties, size-dependent behaviors, and long-term
risks associated with nanoscale materials. As a result, scientifi-
cally appropriate, dedicated regulations for nanomaterials
remain either minimal or entirely absent. This regulatory frag-
mentation is a global issue that badly hinders the worldwide
utilization of nanotechnology. The situation is further exacer-
bated by the rapid pace of nanotechnology advancement, mostly
in critical sectors such as healthcare, energy, agriculture, and
electronics. Innovation in these fields has far outpaced the de-
velopment of adequate safety, ethical, and trade-related
regulations. Consequently, many companies either evade
pursuing nanomaterial-based products or underreport their use
to bypass complex regulatory hurdles and ensure smoother
market entry.

To address these challenges, a dedicated global regulatory and
standardization framework is urgently needed. This should
include the establishment of an international body similar to
IUPAC to develop universally accepted nomenclature, defini-
tions, and metrological standards for nanomaterials. Such stan-
dardization would enhance scientific consistency, improve
industrial classification and labeling, and support transparent
communication across global supply chains. Moreover, the
creation of a centralized international registry for commercially
available nanoproducts is highly essential. This registry would
catalog product categories, safety data, and approved applica-
tions, facilitating transparency, traceability, and coordinated
post-market surveillance. A further step would be the formation
of a global regulatory authority analogous to the international
council for harmonization in pharmaceuticals. This body would
oversee ethical deployment, standardized safety evaluations,
and mutual regulatory recognition across borders. Embedding
“safety by design” principles within this framework is also criti-

cal. This approach will encourage the consideration of safety
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aspects from the earliest stages of product development,
fostering responsible innovation. In the same line, it would
reduce duplication in safety studies, streamline approval pro-
cesses, and promote equitable access to safe nanotechnologies,
especially in developing regions.

Probable solutions

As herein, we have pointed that instead of decades of nanotech-
nology research, translation from lab discoveries to societal and
industrial impact remains partial. To overcome these barriers,
authors suggest some constructive points: (1) Establish globally
harmonized, science-driven regulatory frameworks for nanoma-
terials, including standardized toxicity assessment, environ-
mental fate modeling, and lifecycle analysis to enable safe and
scalable commercialization. (2) Strengthen industry engage-
ment through public—private partnerships that integrate ad-
vanced nanomaterials such as graphene, MXenes, nanoporous
catalysts, and quantum dots into manufacturable products, sup-
ported by co-funded pilot projects and shared IP models.
(3) Implement strategic and transparent funding models that
prioritize translational potential, incorporating techno-economic
analyses, reproducibility metrics, and scalability considerations
to accelerate technology readiness and safeguard industrial
outcomes. (4) Address persistent misconceptions via evidence-
based education and outreach, supported by interactive nanoma-
terial property databases, Al-driven predictive safety models,
and real-time tracking of industrial applications to build public
trust and informed policymaking. (5) Create standardized proto-
cols and collaborative infrastructure through inter-laboratory
validated methods, centralized pilot-scale manufacturing facili-
ties, open-access repositories, shared instrumentation, and
cloud-based simulation tools for reproducibility and scale-up.
(6) Develop human capital by training engineers specialized in
nanotechnology, while nurturing interdisciplinary research to
drive fundamental discoveries. (7) Integration of artificial intel-
ligence, machine learning, and digital twins can accelerate ma-
terials discovery, predict safety and performance, and guide
scale-up by reducing trial-and-error paths. (8) Nanotechnology
deployment must embed principles of sustainability and circu-
lar economy. Designing recyclable nanomaterials, minimizing
energy-intensive synthesis, and developing green manufac-
turing processes will be game changers.

Conclusion

In the current era, where science is increasingly driven by
commercialization, the pressure to translate fundamental
research into immediate technological results has become more
pronounced. However, real scientific progress is inherently
incremental; it builds upon prior knowledge and often unfolds
gradually over time. Nanomaterials research, like any deeply

fundamental scientific domain, faces intrinsic bottlenecks, both
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technical and conceptual, which cannot be overlooked. In spite
of these challenges, the field is undergoing a phase of founda-
tional maturation. Although some early-stage products and
devices are marketed under the umbrella of “nanotechnology”,
many of these merely represent the initial wave of applications.
This phase is comparable to the early era of personal
computing, such as the first-generation iPhones, technologi-
cally limited, yet instrumental in paving the way for transforma-
tive advances. Criticism directed at nanomaterial research often
fails to account for this temporal reality. A common argument,
echoed even by some experts, is that we are producing more
PhDs than the market can absorb, with insufficient correspond-
ing innovation and job creation. It is very true and very con-
cerning. However, paradoxically, the same institutions and
voices continue to train and graduate large numbers of doctoral
students each year for vested interest. This contradiction reflects
a broader systemic tension within academic and industrial
research ecosystems. Nanomaterials research is now experi-
encing a moment not unlike that faced by other maturing scien-
tific disciplines. Premature dismissal of the contribution of the
field and excessive criticism would be a strategic and intellec-
tual misstep. Certainly, some criticisms, largely regarding
output, yield, and sustainability, have partial merit, but many
stem from misconceptions, media distortion, and politically
motivated narratives aimed at restricting funding for funda-
mental research. In reality, professionals working in nano-
science and nanotechnology continue to make steady, incre-
mental contributions. These are critical to permitting future
technological platforms in energy, healthcare, computing, and
advanced manufacturing.
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